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PREFACE 
One of  t h e  c e n t r a l  t a s k s  of t h e  Energy Systems Program a t  IIASA i s  
t o  s e t  up a  b a s i c  l o g i c  f o r  f o r e c a s t i n g  t h e  l e v e l  and t h e  s t r u c t u r e  o f  
energy consumption.  For t h e  second o b j e c t i v e ,  e f f i c i e n t  t e c h n i q u e s  a r e  
a l r e a d y  a t  hand,  through t h e  use  o f  t h e  market  p e n e t r a t i o n  concep t  
p e r m i t t i n g  an a n a l y s i s  of  a l l  l e v e l s  of  t h e  energy  c h a i n s  from pr imary 
s o u r c e s  t o  f i n a l  consumption,  and t h e  e f f o r t  i s  now c o n c e n t r a t e d  on 
p r o v i d i n g  a  c o n v i n c i n g  t h e o r i z a t i o n .  
For t h e  f i r s t  o b j e c t i v e ,  on t h e  c o n t r a r y ,  t h e  s i t u a t i o n  i s  s t i l l  
f l u i d .  Many model ing e f f o r t s  have been made, a t  IIASA t o o ,  b u t  t h e i r  
c o n t r a d i c t o r y  r e s u l t s  and t h e i r  dependence on s o f t  a s sumpt ions  c a l l s  
f o r  a  more r e f i n e d  u n d e r s t a n d i n g  of  t h e  sys tems .  Any t o o l  t h a t  may 
h e l p  p e r c e i v i n g  i t s  i n t e r n a l  mechanisms, p o s s i b l y  l e a d i n g  t o  t h e  
d e t e r m i n a t i o n  of  energy demand, i s  welcome. 
I n  t h i s  l i g h t ,  t h e  new d i s c i p l i n e  of  energy a n a l y s i s  a p p e a r s  a  
ve ry  u b i q u i t o u s  and p e n e t r a t i n g  d e v i c e ,  which h e l p s  v i s u a l i z i n g  t h e  
i n t r i c a t e  r e l a t i o n s h i p s  between energy and t e c h n i c a l  and economic 
f a c t o r s ,  t h e i r  l i m i t s ,  and t h e i r  e v o l u t i o n  i n  t ime.  I n  t h i s  memorandum, 
some a t t e m p t  i s  m d e  t o  q u a n t i f y  t h e s e  r e l a t i o n s h i p s ,  and t h i s  may be 
a  f i r s t  s t e p  t o  t h e  d e f i n i t i o n  o f  t h e  i n v a r i a n t s  sough t .  
We have i n v i t e d  D r .  Malcolm S l e s s e r  t o  p r e p a r e  t h i s  r ev iew f o r  
IIASA t o  c o n t r i b u t e  t o  t h e  u n d e r s t a n d i n g  o f  t h e  r e l a t i o n s h i p s  between 
energy and the  econamy. 
Wolf H a f e l e  
Deputy D i r e c t o r ,  
Program Leader ,  Energy Systems 

ABSTRACT 
Energy a n a l y s i s  - t h e  a n a l y s i s  o f  t h e  e n e r g y  " c o n t e n t "  o f  goods and 
s e r v i c e s  - i n  t h e  s e n s e  o f  c o n s i d e r i n g  economic i s s u e s  i n  ene rgy  
terms, is a c o m p a r a t i v e l y  r e c e n t  development .  While t h e  c o n v e n t i o n s  
o f  a c c o u n t i n g  i n  e n e r g y  terms a r e  b r o a d l y  a g r e e d  by workers  i n  t h e  
f i e l d ,  t h e  q u e s t i o n  o f  economic i n t e r p r e t a t i o n  i s  s t i l l  a matter 
f o r  d i s p u t e .  Energy a n a l y s i s  throws l i g h t  upon how e n e r g y  e n t e r s  
t h e  economic p r o c e s s ,  and can t h e r e f o r e  u s e f u l l y  supplement  eco-  
nomic a n a l y s i s .  F o r  example,  w h i l e  t h e  minimum ene rgy  r equ i remen t  
f o r  a  t r a n s f o r m a t i o n  p r o c e s s  is set by thermodynamic c o n s i d e r a t i o n s ,  
l i t t l e  i s  known how t h e s e  r e l a t e  t o  p r o d u c t i o n  i n  a f i n i t e  t l m e  
wor ld .  I t  is shown t h a t  money can  b e  t r e a t e d  a s  t h e  d e r i v a t i v e  of  
two fundamenta l  r e s o u r c e s ,  ene rgy  and l a b o u r  and t h a t  e n e r g y  a n a l -  
y s i s  is n o t  an ene rgy  t h e o r y  of v a l u e .  Energy s h o u l d  n o t  b e  t r e a t e d  
s imply  a s  h e a t ,  b u t  as p r o v i d i n g  b o t h  negen t ropy  and h e a t .  Account ing  
i n  ene rgy  t e r m s  d o e s  i n v o l v e  a l o s s  o f  i n f o r m a t i o n  o v e r  t h a t  o f  money 
a c c o u n t i n g  w i t h  r e s p e c t  t o  c u r r e n t  a c t i v i t i e s ,  b u t  may p r o v i d e  more 
p r e c i s e  s t a t e m e n t s  abou t  f u t u r e  c o s t s .  
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ENERGY ANALYSIS: 
I ts  U t i l i t y  and L i m i t s  
Negentropy: " ~ n d  l i k e  snow f l a k e s  i n  t h e  r i v e r  
A Moment w h i t e ,  t h e n  gone f o r e v e r ' '  
Rober t  Burns 
1. I n t r o d u c t i o n  
1.1 I n t r o d u c t i o n  
Energy a n a l y s i s  (EA) h a s  been d e f i n e d  a s  t h e  e s t i m a t i o n  of  t h e  amount 
of  pr imary energy  r e s o u r c e  s e q u e s t e r e d  i n  o r d e r  t o  d e l i v e r  a g i v e n  good 
o r  s e r v i c e  t o  a chosen p o i n t  i n  t h e  economic sys tem /I/. I n  t h i s  s e n s e  
i t  a p p e a r s  e n t i r e l y  analogous  t o  money, b u t  t h i s  is n o t  r e a l l y  s o .  
Money embraces a l l  t h e  f a c t o r s  of  p r o d u c t i o n ,  many of which have a 
c o s t  based upon an i n t e r a c t i o n  of  s u p p l y  and demand a s  w e l l  a s  p r o f i t  
and r e n t ,  and s o  on.  Energy a n a l y s i s  r e f l e c t s  o n l y  energy  used up and 
r e f l e c t s  t h i s  "cos t "  n o t  i n  money u n i t s ,  b u t  i n  energy  u n i t s .  
J u s t  a s  t h e r e  is a world of  d i f f e r e n c e  between accountancy and eco- 
nomics,  s o  t h e r e  is  a d i s t i n c t i o n  between accoun t ing  f o r  p r o d u c t i o n  
i n  energy  t e r m s ,  and u t i l i s i n g  t h e  numbers t o  e x p l a i n  behav iour  o r  test 
hypotheses .  Energy a n a l y s i s  proponents  have developed r e a s o n a b l y  s a t i s -  
f a c t o r y  methods o f  a c c o u n t i n g  f o r  ene rgy ,  b u t  a r e  o n l y  j u s t  b e g i n n i n g  
t o  u s e  t h e  d a t a  f o r  i n t e r p r e t a t i o n .  T h i s  paper  is  about t h e  p r e s e n t  
s t a t e  of t h e  a r t ,  and where i t  might l e a d .  
A s  an i l l u s t r a t i o n  l e t  us  t a k e  t h e  c a s e  of ammonia manufacture .  I t  was 
f i r s t  s y n t h e s i s e d  i n  1912 by an e l e c t r i c - a r c  p r o c e s s  i n  Norway, and 
w i t h  changing t echno logy  and economies of s c a l e  b o t h  r e l a t i v e  p r i c e  
and t h e  energy  requ i rements  f o r  p r o d u c t i o n  have dropped.  The p r i c e  
p l o t  i n  c o n s t a n t  p r i c e s  ( s e e  F i g u r e  1 i n  S e c t i o n  3 )  resembles  t h e  
energy  requ i rement  p l o t  ( s e e  F i g u r e  3  i n  S e c t i o n  3 ) .  Today t h e  p r i c e  
i s  r i s i n g .  But c o s t  i s  n o t  p r i c e .  The energy  requ i rement  has  evened 
o u t  and s o  h a s  t h e  c o s t .  There  a r e  good r e a s o n s  f o r  b o t h .  Energy ana- 
l y s t s  b e l i e v e  t h a t  behav iour  of t h e  energy  p l o t  cou ld  have s e r v e d  t o  
p r e d i c t  t h e  b e h a v i o u r  of t h e  economic p l o t ,  t h a t  is  t o  s a y  t h a t  t h e  
r e l a t i v e  p r i c e  of ammonia canno t  b e  expec ted  t o  f a l l  f u r t h e r ,  and r e a l  
p r i c e s  w i l l  c l o s e l y  r e f l e c t  c u r r e n t  t r e n d s  i n  energy  p r i c e s .  
Appendix 2  c a r r i e s  a  s i m p l e  energy  a n a l y s i s  c a l c u l a t i o n  f o r  t h o s e  un- 
f a m i l i a r  w i t h  t h e  methodology.  
The u t i l i t y  of ene rgy  a n a l y s i s  h a s  been s e v e r e l y  c r i t i c i s e d  by many eco- 
n o m i s t s  / 2 , 3 , 4 /  who a rgue  a l o n g  two main l i n e s :  a t  b e s t  i t  cannot  pro-  
v i d e  a s  meaningful  a  p o l i c y  a n a l y s i s  a s  can economic a n a l y s i s ,  and a t  
wors t  i t  i s  a  s i n g l e - p a r a m e t e r  t h e o r y  of v a l u e .  Even T. Koopmans, who 
has  g i v e n  some t ime  t o  a  s t u d y  of ene rgy  a n a l y s i s  /5/ ,  concluded t h a t  
i t s  o b s e s s i o n  w i t h  energy  obscured  t h e  f a c t  t h a t  i n  t h e  r e a l  world we 
a r e  j u s t  a s  much concerned w i t h  o t h e r  s c a r c e  r e s o u r c e s  l i k e  l a n d ,  wa te r ,  
o r  copper .  
I n  f a i r n e s s  t o  energy  a n a l y s i s  i t  must b e  s a i d  t h a t  most c r i t i c s  have 
misunders tood  i t s  o b j e c t i v e s .  P a r t l y  t h i s  is  due t o  a  v o c a l  group of  
e n v i r o n m e n t a l l y  concerned p e o p l e  who have p ropaga ted  an energy t h e o r y  
v a l u e  / 6 , 8 / ,  of  whom t h e  b e s t  known is pe rhaps  H .  Odum / 7 / .  Energy 
t h e o r i e s  of  v a l u e  are o d i o u s  t o  economis t s .  P a r t l y  t h i s  a r i s e s  o u t  
of  an i n s t i n c t  i n  t h e  economics p r o f e s s i o n  t o  p r o t e c t  i t s  i n t e l l e c -  
t u a l  domain,  whereas  EA a c t u a l l y  s e e k s  t o  supp lemen t ,  n o t  s u p p l a n t ,  
economic a n a l y s i s .  But p r i n c i p a l l y  m i s u n d e r s t a n d i n g  a r i s e s  around t h e  
r o l e  ene rgy  is  t h o u g h t  t o  p l a y  i n  t h e  economy. To t h e  economis t  ene rgy  
is  a r e s o u r c e  t o  b e  t r e a t e d  l i k e  any o t h e r  r e s o u r c e .  To t h e  e n e r g y  
a n a l y s t  ene rgy  h a s  a u n i q u e  q u a l i t y .  I t  is t h e  o n l y  one  of  man's en- 
dowed r e s o u r c e s  a p a r t  from t i m e  t h a t  canno t  b e  r e c y c l e d .  Moreover t h e r e  
i s  n o  s u s b s t i t u t e  f o r  e n e r g y .  T h e r e f o r e  it can b e  c o n s i d e r e d  a key  f a c -  
t o r  i n  a l l o c a t i o n  d e c i s i o n s .  However, s c a r c i t y  o f  e n e r g y  p l a y s  n o  p a r t  
i n  t h e  t h e o r e t i c a l  c o n s t r u c t  of  EA, though t h e  c o n d i t i o n s  of  1974 t o  
1976 have  undoub ted ly  g i v e n  i t  a b o o s t .  
Reade r s  u n f a m i l i a r  w i t h  t h e  p h i l o s o p h i c a l  background of  EA may l i k e  t o  
r e a d  t h e  s h o r t  a l l e g o r i c a l  s t o r y  i n  Appendix 1. 
L i k e  any s p e c i a l i s t  word t h a t  e n t e r s  eve ryday  c o n v e r s a t i o n ,  t h e  word 
e n e r g y  h a s  become somewhat ambiguous. Energy is  a c o n c e p t  i n v e n t e d  by  
s c i e n t i s t s  t o  a c c o u n t  f o r  t h e  f a c t  t h a t  when h e a t  o r  work are p u t  i n t o  
a  t a k e n  o u t  of  a sys t em,  and t h a t  sys t em ends  up i n  a d i f f e r e n t  s t a t e  
t h a n  i t s  o r i g i n a l ,  some p r o p e r t y  of  t h e  sys t em h a s  t o  accoun t  f o r  t h e  
d i f f e r e n c e .  T h i s  p r o p e r t y  i s  c a l l e d  e n e r g y  c o n t e n t  and thermodynami- 
c i s t s  a r g u e  t h a t  i t  i s  a n  i n h e r e n t  p r o p e r t y  o f  t h e  sys t em.  Without  
t h i s  u s e f u l  d e f i n i t i o n  i t  would b e  q u i t e  i m p o s s i b l e  t o  d e a l  w i t h  t h e  
f a c t  t h a t  h e a t  and work a r e  i n t e r c h a n g e a b l e .  
F o r  t h e  non-energy s p e c i a l i s t ,  a l r e a d y  two d i f f i c u l t  c o n c e p t s  have been 
i n t r o d u c e d :  h e a t  and work. Both a r e  measured i n  t h e  same d imens ions ,  
b o t h  a r e  forms of e n e r g y ,  b u t  p l a y  q u i t e  d i f f e r e n t  r o l e s  i n  o u r  economy. 
a e r o p l a n e  
The k e r o s e n e  i n  a jet e n g i n e  does  work i n  pushing t h e  j e t / t h r o u g h  sky  
and l e a v e s  beh ind  a t r a i l  of h e a t .  The k e r o s e n e  i n  a green-house  h e a t e r  
p r o v i d e s  background warmth, b u t  produces  n o  work. The change of h e a t  i n -  
t o  work r e q u i r e s  t h e  i n c r e a s e  i n  e n t r o p y  of t h e  sys tem,  t h a t  i s  t o  s a y ,  
a runn ing  down of  t h e  sys tem.  F o r  t h e  non-thermodynamicist  t h i s  i d e a  of  
runn ing  down o u r  sys tem th rough  an i n c r e a s e  i n  e n t r o p y  is  c o n c e p t u a l l y  
i r r i t a t i n g ,  and many l i k e  t o  r e v e r s e  t h e  o r d e r ,  and d e s c r i b e  t h e  sys tem 
a s  one which u s e s  up  negen t ropy .  The f i r s t  law of  thermodynamics s t a t e  
t h a t  h e a t  i s  n e i g h e r  l o s t  n o r  g a i n e d .  The second law d e f i n e s  t h e  manner 
i n  which negen t ropy  i s  consumed when a non-spontaneous p r o c e s s  o c c u r s ,  
such  a s  t u r n i n g  h e a t  i n t o  work. 
S t r i c t l y  s p e a k i n g  t h e n  w e  can n e v e r  have an energy c r i s i s ;  b u t  w e  c o u l d  
and may have  a negen t ropy  s h o r t f a l l .  
The s t a t e m e n t  t h a t  t h e r e  i s  no  s u b s t i t u t e  f o r  e n e r g y ,  though t r u e ,  i s  
n o t  t h e  nub of t h e  m a t t e r ,  s i n c e  energy  is abundant  and is  conse rved .  
C o r r e c t l y  t h e  s t a t e m e n t  s h o u l ~ d  b e  ' t h e r e  i s  no s u b s t i t u t e  f o r  negen- 
t r o p y ' ,  I t  i s  a s  R .  Burns  /48/ s a i d  " ~ i k e  t h e  snowf lake  i n  t h e  r i v e r ,  
A moment w h i t e ,  t h e n  gone fo rever ' " .  
1 . 3  H i s t o r i c a l  P e r s p e c t i v e  
In  1881 Lord Kelv in ,  p r o f e s s o r  of mechanical  e n g in e e r i n g  a t  Glasgow 
U n i v e r s i t y ,  pub l i shed  h i s  a n a l y s i s  of t h e  optimum c r o s s  s e c t i o n  of an 
e l e c t r i c a l  conductor  /9/ u s in g  a  methodology a k in  t o  present-day 
energy a n a l y s i s .  In  t h e  e a r l y  1920s F. Soddy, Nobel l a u r e a t e  i n  chem- 
i s t r y ,  became obsessed wi th  t h e  f a c t  t h a t  i n  England t h e r e  was pover ty  
and unemployment, y e t  t h e r e  e x i s t e d  abundant energy. H e  saw energy a s  
t h e  d r i v i n g  f o r c e  of t h e  economy /lo/. Soddy was t o  l o s e  h i s  r e p u t a t -  
i o n  a s  a  s c i e n t i s t  a s  a  r e s u l t  of h i s  obsess ion  wi th  energy and t h e  
economy, and though h i s  books s o l d  w e l l ,  few agreed  wi th  him. I t  was 
h i s  f a t e  t o  b e  making h i s  arguments j u s t  a t  t h e  t ime t h a t  J.M. Keynes, 
wi th  whom he v i o l e n t l y  d i s a g r e e d ,  was having such an impact on economic 
thought  i n  England. Not u n n a t u r a l l y  i t  was t h e  thermodynamicists who 
tended t o  r e t u r n  t o  t h e  r o l e  of energy ,  i f  o n ly  through t h e  concept  of 
e n t r o p y ,  as  d i d  G.K. Lewis and W. E h r e n f e s t .  In  1949 H.B. Chenery /11/, 
an economist ,  pub l i shed  an a r t i c l e ,  w i th  numbers, a rgu ing  t h a t  energy 
should  b e  in t roduced  i n t o  t h e  Cobb-Douglas product ion f u n c t i o n .  Nothing 
seems t o  have come from t h i s  su g g e s t i o n ,  bu t  Chenery d i d  no t  l o s e  h i s  
r e p u t a t i o n .  He became v i ce - p r e s id e n t  of t h e  World Bank. 
I n  1971 H. Odum publ i shed  h i s  remarkable book, Power, Environment and 
S o c i e t y  /7/. Odum argued t h a t  money and energy went i n  o p p o s i t e  d i r e c -  
t i o n s  i n  t h e  economy, and h e  v i r t u a l l y  proposed an energy t h e o r y  of 
v a l u e .  H i s  book, p rov id ing  many f a c t u a l  examples, gave e c o l o g i s t s  and 
e n v i r o n m en ta l i s t s  c o n s i d e r a b l e  ammunition i n  t h e i r  f i g h t  a g a i n s t  un- 
n a t u r a l  i n d u s t r i a l i s a t i o n .  Odum was i n s t r u m e n ta l  i n  having P u b l i c  Law, 
93-577 passed i n  Congress,  which r equ i r ed  a n e t  energy a n a l y s i s  t o  be  
c a r r i e d  ou t  b e f o r e  funding any major R & D proposal  i n  t h e  energy f i e l d .  
Only l a t e r  d i d  it become apparent  t h a t  t h e r e  was no consensus upon how 
n e t  energy might be  def ined  /12/. 
Odum's energy a n a l y s i s  looked a t  whole systems,  and contained f a i r l y  
rough numbers. The f i r s t  hard a n a l y s i s  of any magnitude appeared i n  
1973, when S. Ber ry ,  a phys ica l  chemist from Chicago, and a gradua te  
s tudent ,M. F e l l s ,  publ ished t h e i r  energy a n a l y s i s  of an automobile pro- 
duc t ion  system, s t a r t i n g  f ron  o r e s  i n  t h e  ground and f i n i s h i n g  with a 
b r i g h t  s h i n i n g  new automobile /13/. The i r  major c o n t r i b u t i o n  was not  
only t o  t r a c e  t h e  a c t u a l  energy f low,  bu t  t o  e s t i m a t e  t h e  t h e o r e t i c a l  
f r e e  energy (AG) needed t o  c a r r y  out  t h e  va r ious  processes .  Thus they 
were a b l e  t o  show t h a t  i t  took some f i v e  t imes t h e  t h e o r e t i c a l  energy 
t o  t ransform o r e s  i n t o  a r e a l  c a r .  This allowed Berry  t o  make some in -  
t e r e s r i n g  pn i lo soph ica l  p o i n t s  of which t h e  fo l lowing  is  perhaps t h e  
111ost impor tan t ;  
I 1  I f  t h e  economists i n  t h e  market p l a c e  w e r e  t o  determine 
t h e i r  sho r t ages  by looking f u r t h e r  and f u r t h e r  i n t o  t h e  
f u t u r e ,  t h e s e  e s t ima te s  would come c l o s e r  and c l o s e r  t o  
t h e  e s t i m a t e s  made by t h e i r  co l l eagues ,  t h e  thermodyna- 
m i s t s "  . 
While Berry was exp lo r ing  t h e  dimension of waste,  M.  S l e s s e r  had been 
examining t h e  energy requirement t o  make p ro t e in  i n  a wide v a r i e t y  of 
systems, bo th  a g r i c u l t u r a l  and i n d u s t r i a l ,  and found a s u r p r i s i n g  cor-  
r e l a t i o n  between output  i n t e n s i t y  (kg p r o t e i n  per  h e c t a r e  year )  and 
and t h e  i n p u t  i n t e n s i t y  ( a l l  t h e  i n p u t s ,  e x p r e s s e d  a s  e n e r g y  needed t o  
f u r n i s h  them) i n  ene rgy  p e r  hec ta re  y e a r  /14/ .  Subsequen t  work h a s  sub-  
s t a n t i a t e d  t h i s  c o r r e l a t i o n  /16/ ,  and i t  may b e  i n t e r p r e t e d  a s  a  l a n d -  
ene rgy  t r a d e - o f f ,  w i t h  d i m i n i s h i n g  r e t u r n s  t o  i n t e n s i f i c a t i o n ,  i . e .  t h e  
p r i c e  of  i n t e n s i f i c a t i o n  i s  more e n e r g y  u s e / u n i t  of  p r o d u c t .  
The d e c i s i o n  by OPEC t o  r a i s e  t h e  p r i c e  o f  o i l  i n  1973 gave  a huge s t i m -  
u l u s  t o  t h e  s u b j e c t  o f  e n e r g y ,  and i n t e r e s t  i n  e n e r g y  a n a l y s i s  bu rgsoned .  
Thus t h e  p u b l i c a t i o n  by  B. Hannon and R. Herendeen /15/ of  t h e i r  ene rgy-  
b a s e d  i n p u t  o u t p u t  t a b l e  of  t h e  US economy i n  1963,  s t a r t e d  s e v e r a l  y e a r s  
b e f o r e ,  drew enormous i n t e r e s t .  F o r  t h e  f i r s t  t i m e  o n e  c o u l d  r e a d i l y  com- 
p u t e  f o r  whole i n d u s t r i e s  t h e  a v e r a g e  ene rgy  r e s o u r c e  needed t o  f u r n i s h  
a  g i v e n  c l a s s  of  good e i t h e r  t o  an  i n t e r m e d i a t e  p o i n t  i n  t h e  economy o r  
t o  f i n a l  demand. S i n c e  t h e n  a  1968 v e r s i o n  h a s  been  i s s u e d ,  and o t h e r  
g roups  have  t a c k l e d  t h e  s e v e r e  problem of d i s e n t a n g l i n g  e n e r g y  s o l d  a t  
v a r i o u s  p r i c e s  w i t h i n  t h e  economy w i t h  a  v iew t o  p roduc ing  more e x a c t  
t a b l e s .  T h i s  approach  p r o v i d e s  o n l y  h i s t o r i c a l  a v e r a g e  e n e r g y  i n t e n s i t y ,  
n o t  m a r g i n a l  v a l u e s .  
By e a r l y  1974 many p r o d u c t i o n  c o s t s  were b e i n g  couched i n  e n e r g y  terms. 
Some p e o p l e  w e r e  q u i c k  t o  s e i z e  upon any numbers t h a t  showed n u c l e a r  
e n e r g y  i n  a  bad l i g h t ,  and as a  r e s u l t  some bad numbers g o t  i n t o  c i r -  
c u l a t i o n ,  and remained t h e r e .  T h e r e  w a s  no c o n s i s t e n t  b a s i s  f o r  making 
c a l c u l a t i o n s ,  and no  way of  c h e c k i n g  t h e  t r u t h  of  v a r i o u s  s t a t e m e n t s ,  ex-  
c e p t  by  r e p e a t i n g  t h e  a n a l y s e s  o n e s e l f .  At t h i s  p o i n t  t h e  I n t e r n a t i o n a l  
F e d e r a t i o n  of  I n s t i t u t e s  of  Advanced S t u d y  (IFIAS) s t e p p e d  i n  t o  a r r a n g e  
a  workshop t o  e s t a b l i s h  t h e  c o n v e n t i o n s  and methodology of  what was t h e n  
o f t e n  c a l l e d  Energy Accoun t ing .  
Twenty-four people  known t o  have involvement i n  t h e  t o p i c  were i n v i t e d  
t o  a remote country house i n  Sweden f o r  one week. They came from in -  
d u s t r y ,  t h e  u n i v e r s i t i e s ,  bus ines s ,  and government, and embraced n ine  
n a t i o l i a l i t i e s .  Over 4000 copies  of t h e  workshop r e p o r t  /1/ have been 
s o l d  and t h e  convent ions proposed have been widely accepted.  
Two a c t i v i t i e s  have succeeded t h a t  workshop. In 1975 a second workshop 
.;17/ was he ld  a t  which some dozen energy a n a l y s t s  met with a dozen eco- 
nomists ,  i nc lud ing  L. Klein and T. Koopmans, t o  cons ide r  what r o l e  energy 
a n a l y s i s  could p lay  i n  economic a n a l y s i s .  Some f r a g i l e  b r idges  were b u i l t  
between t h e  phys i ca l  s c i e n t i s t s  and t echno log i s t s  on t h e  one hand, and 
t h e  economists on t h e  o t h e r .  The concept of l i m i t s  t o  t echno log ica l  pro- 
g r e s s  through t h e  use  o r  understanding d t h e  second law of thermodynamics 
was passed from t h e  s c i e n t i s t s  t o  t h e  economists,  while t h e  economists 
demonstrated t h e i r  involvement wi th  a system much more complex than a 
purely phys i ca l  system, and showed t h a t  d e t e r m i n i s t i c  methods could no t  
f o r e c a s t  t h e  behaviour  of an economic system. I t  became very  c l e a r  t h a t  
economics was, a t  l e a s t  i n  p a r t ,  a behavioura l  s c i ence .  I t  had no t  ye t  
developed ways of cons ider ing  c o n s t r a i n t s  imposed by thermodynamic con- 
s i d e r a t i o n s .  So f a r  we have not  seen energy a n a l y s i s  being embraced with 
any enthusiasm by t h e  economics community, no t  even by those  who were 
p re sen t  a t  t h a t  workshop. Energy a n a l y s t s ,  on t h e  o t h e r  hand, a r e  con- 
v inced  t h a t  a t o t a l  systems approach, coupled t o  economics, i s  e s s e n t i a l  
t o  a proper  understanding of t h e  economic system and i t s  development. 
The work of developing b e t t e r  methods and conventions seems t o  have f a l -  
l e n  t o  t h e  CCMS (Committee on Chal lenges Facing Modern Soc i e ty )  of NATO 
which now meets i n t e r m i t t e n t l y  t o  d i s c u s s  energy a n a l y s i s  m a t t e r s .  A 
s i z a b l e  man-power i s  now devoted t o  e s t a b l i s h i n g  t h e  energy c o n t e n t  of  
goods and s e r v i c e s ,  though l i t t l e  t h e o r e t i c a l  development on t h e  r o l e  
of energy i n  t h e  economy has  emerged. Energy a n a l y s i s  is  c e r t a i n t l y  be- 
i n g  used t o  v e r i f y  t h e  (energy)  v a l i d i t y  of v a r i o u s  economic and o t h e r  
s c e n a r i o s ,  b u t  t h e r e  i s  no r e p o r t  y e t  of i t s  a c t u a l  u s e  a s  a  t o o l  f o r  
p o l i c y  making. T h i s  shou ld  n o t  s u r p r i s e  u s .  Those who might b e  i n f l u e n c e d  
n e i t h e r  unders tand  n o r  a r e  t r a i n e d  t o  a n a l y s e  what energy  a n a l y s i s  has  
t o  s a y .  No-one has  y e t  made a  h i s t o r i c a l  s t u d y  t o  show t h a t  an energy  
a n a l y s i s ,  had i t  been c a r r i e d  o u t ,  might have r e s u l t e d  i n  a  b e t t e r  a n t i -  
c i p a t i o n  o r  a  b e t t e r  d e c i s i o n .  
- The s t a t e  of t h e  a r t  is t h a t  a  growing body of d a t a  is b e i n g  g e n e r a t e d ,  
and t h e r e  i s  now scope  f o r  t h e  u s e  of t h i s  d a t a  i n  t e s t i n g  hypotheses  of  
t h e  r o l e  energy p l a y s  i n  t h e  economy. 
2. D e f i n i t i o n  
2.1 Conventions 
2 .1 .1  Energy Terminology 
Because energy a n a l y s i s  s e e k s  t o  de te rmine  t h e  energy r e s o u r c e  r e q u i r e d  
t o  make a  g iven  good o r  s e r v i c e  a v a i l a b l e  t o  t h e  economy, a  conven t ion  
has  a r i s e n  i n  which t h a t  amount of energy is r e f e r r e d  t o  a s  a  ' r e q u i r e -  
ment ' .  In  some p u b l i c a t i o n s  one may come a c r o s s  t h e  words 'energy c o s t ' .  
I n  t h e  conven t ions  of energy a n a l y s i s  one does  n o t  u s e  t h e  word ' c o s t '  
u n l e s s  one i s  a p p l y i n g  i t  t o  t h e  money p r i c e  of energy .  However some 
peop le  do u s e  t h e  words 'energy c o s t '  t o  imply 'energy r e q u i r e m e n t ' .  
For  example, an  e a r l y  p u b l i c a t i o n  by P.  Chapman,. M .  S l e s s e r ,  and G. 
Leach /18/ is  e n t i t l e d  The Energy Cost  of Fuels" .  T h i s  c h o i c e  of t i t l e  
was due a s  much t o  e d i t o r i a l  p r e s s u r e  a s  t o  w i l f u l  a c t i o n  by t h e  a u t h o r s .  
I n  g e n e r a l  i n  t h i s  paper  ' ene rgy  requ i rement '  w i l l  b e  t h e  'Gross Energy 
~ e q u i r e m e n t '  (GER) a s  d e f i n e d  i n  t h e  IFIAS conven t ion  / I / .  'Energy c o s t '  
w i l l  r e f e r  t o  u n i t s  of  money p e r  p h y s i c a l  u n i t  of ene rgy ,  and 'energy i n -  
t e n s i t y '  w i l l  r e f e r  t o  u n i t s  of ene rgy  p e r  u n i t  of money (MJ/k, MJ/AS, 
e t c . ) .  
2 .1 .2  Labour 
A l l  ene rgy  i n p u t s  t o  t h e  p roduc t ion  of goods and s e r v i c e s  f i n i s h e s  up 
a s  f i n a l  demand by t h e  consumers,  who i n  t u r n  p r o v i d e  t h e  l a b o u r .  
Le t  G b e  t h e  t o t a l  ene rgy  e n t e r i n g  t h e  n a t i o n a l  sys tem p e r  y e a r ,  and 
l e t  t h e r e  b e  n  workers .  Then t h e  a v e r a g e  energy consumption p e r  worker 
i s  G/n. I f  y  b e  t h e  GER f o r  a  c e r t a i n  good, which r e q u i r e s  t h e  produc- 
t i o n  of z man y e a r s  f o r  i t s  p r o d u c t i o n ,  t h e n  t h e  t r u e  energy  r e q u i r e -  
ment is g i v e n  by 
GER = y + z energy  u s e  p e r  y e a r  f o r  l i f e  zG 
s u p p o r t  of worker and f a m i l y  1 -?F (1) 
I t  is  common energy  a n a l y t i c  p rocedure  t o  assume t h a t  t h e  second and 
t h i r d  t e rms  i n  ( 1 ) a r e  e q u a l ,  s o  t h a t  t h e r e  is no need t o  compute e i t h e r  
t h e  n a t i o n a l  a v e r a g e  energy  consumption o r  t h e  energy  f o r  l i f e  s u p p o r t  
f o r  workers engaged i n  making t h e  p roduc t  of i n t e r e s t .  Thus i n  ( 1 ) t h e  
GER would normal ly  b e  counted a s  ' y ' .  
I f  t h e  q u a l i t y  (and hence pay) of t h e  z workers i s  above t h e  n a t i o n a l  
a v e r a g e ,  t h e n  G/n w i l l  b e  less t h a n  t h e  a c t u a l  l i f e  s u p p o r t  e n e r g y ,  
and t h e  quo ted  GER w i l l  b e  somewhat low, and v i c e  v e r s a .  No d e t a i l e d  
s t u d i e s  have y e t  been made t o  examine how much e r r o r  i s  a c t u a l l y  i n -  
t r o d u c e d  by o m i t t i n g  t h i s  c o r r e c t i n g  f a c t o r ,  though t h e r e  a r e  s e v e r a l  
s t u d i e s  e x t a n t  which d e m o n s t r a t e  t h a t  ene rgy  u s e  rises w i t h  income, 
though n o t  i n  any l i n e a r  manner. 
2 .1 .3  Energy and F u e l  
The word energy  i s  used i n  t h e  thermodynamic s e n s e ,  and t h e r e f o r e  h a s  
a number o n l y  when r e l a t e d  t o  some s t a n d a r d  s t a t e ,  t a k e n  a s  one b a r  
p r e s s u r e  and 273.15 K .  An energy  r e s o u r c e  can b e  g i v e n  an energy  v a l u e  
by c o n s i d e r i n g  t h e  h e a t  t h a t  would b e  developed i f  t h a t  r e s o u r c e  was 
combusted under  s t a n d a r d  c o n d i t i o n s .  Most ene rgy  r e s o u r c e s  a r e  n o t  
r eady  f o r  u s e  by t h e  economic sys tem,  and a r e  p r o c e s s e d  t o  produce 
f u e l s .  I n  t h i s  paper  a f u e l  i s  d e f i n e d  a s  a p rocessed  energy r e s o u r c e  
a v a i l a b l e  f o r  u s e  by t h e  demand s e c t o r  of t h e  economy. I n  S e c t i o n  1 
t h e  d i s t i n c t i o n  was made between h e a t  ( e n t h a l p y )  and work. T a b l e  1 
from t h e  American P h y s i c a l  S o c i e t y  fig/ shows t h e  d i f f e r e n c e  between h e a t  
and a v a i l a b l e  work f o r  a number of  common f u e l s .  
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2.1.4 Work 
Work is used throughout  i n  t h e  thermodynamic s e n s e ,  n o t  i n  t h e  s e n s e  
of t ime  s p e n t  a t  a  p l a c e  of work. I t  would b e  measured i n  kg-metres,  
horse-power h o u r s ,  o r  t h e i r  energy e q u i v a l e n t s .  
3.  Uses 
3.1 Thermodynamic L i m i t s  t o  Technolog ica l  P r o g r e s s  
Economic p r o j e c t i o n s  depend t o  a  g r e a t  e x t e n t  upon assumptions  of t e c h -  
n o l o g i c a l  p r o g r e s s .  Yet economic a n a l y s i s  p e r  s e  o f f e r s  no  g u i d e  t o  
what p r o g r e s s  may b e  a n t i c i p a t e d .  A s  an example, t a k e  t h e  c a s e  o f  am- 
monia p r o d u c t i o n .  T h i s  v a l u a b l e  n i t r o g e n - c o n t a i n i n g  chemica l ,  which 
has  changed t h e  f a c e  of  a g r i c u l t u r e ,  was f i r s t  s y n t h e s i s e d  by an e l e c -  
t r i c  a r c  p r o c e s s ,  u s i n g  cheap h y d r o - e l e c t r i c  power i n  Norway. I t  went 
th rough  many t r a n s i t i o n s ,  a s  one t e c h n o l o g i c a l  improvement fo l lowed  
a n o t h e r .  Today i t  i s  made by some v a r i a t i o n  of t h e  Haber-Bosch p r o c e s s ,  
i n  which n a t u r a l  g a s  and a i r  (which c o n t a i n s  n i t r o g e n )  c a t a l y t i c a l l y  
r e a c t  t o  form ammonia p l u s  by-products .  I f  one p l o t s  t h e  l o g a r i t h m  of 
t h e  c o s t  of ammonia i n  c o n s t a n t  money u n i t s  a g a i n s t  t ime ,  an a lmost  
s t r a i g h t  l i n e  p l o t  is o b t a i n e d  r i g h t  up t o  t h e  e a r l y  1970s ( F i g u r e  1 ) .  
The t e m p t a t i o n  t o  e x t r a p o l a t e  t h i s  s t r a i g h t  l i n e  forward i n  t i m e  is  
c l e a r l y  v e r y  g r e a t ,  E v e n t u a l l y  it c o s t s  n o t h i n g !  The p l o t  i n  r e a l  
money terms ( F i g u r e  2 )  g i v e s  v e r y  l i t t l e  in fo rmat ion  on f u t u r e  t r e n d s .  
Figure 2 Price of amonia i n  UK; real  pr ices  
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Figure 1 Price of ammonia i n  UK: re la t ive  prices (1970f) 
Is t h e r e  a temporary  l u l l  i n  t e c h n o l o g i c a l  progress  o r  do we witness the 
end of  an e r a ?  
I f  one  makes an energy a n a l y s i s  of ammonia p r o d u c t i o n ,  and p l o t s  t h e  
l o g a r i t h m  of GER (M~./kg) a g a i n s t  t i m e ,  one does  n o t  o b t a i n  a  s t r a i g h t  
l i n e  p l o t  ( F i g u r e  3 ) .  R a t h e r  i t  asymptotes  towards  t h e  thermodynamic 
l i m i t ,  t h a t  i s  t o  s a y ,  t h e  known t h e o r e t i c a l  e n t h a l p y  o r  f r e e  energy  
r e q u i r e d  f o r  t h e  f o r m a t i o n  of ammonia. I t  i s  q u i t e  i m p o s s i b l e  t o  de- 
v i s e  a  p r o c e s s  t h a t  w i l l  produce ,ammonia f o r  a  s m a l l e r  amount of  ene rgy ,  
because  t h e  f o r m a t i o n  p r o c e s s  i s  a non-spontaneous p r o c e s s ,  and s o  re- 
q u i r e s  a  d e c r e a s e  i n  e n t r o p y  f o r  i t s  f o r m a t i o n ,  a t  t h e  expense  of an 
i n c r e a s e  i n  e n t r o p y  o u t s i d e  t h e  subsystem.  Th i s  amount of energy is 
about  17.5  MJ/kg of ammonia produced.  But s u c h  thermodynamic c a l c u l a t -  
i o n s  app ly  o n l y  t o  r e v e r s i b l e  p r o c e s s e s  t h a t  proceed a t  an i n f i n i t e s i -  
ma l ly  s low r a t e .  In  t h e  r e a l  world,  where p roduc t s  must b e  made a t  
f i n i t e  r a t e s ,  i r r e v e r s i b i l i t i e s  such a s  h e a t  t r a n s f e r  demand t h a t  some- 
what more t h a n  t h e  t h e o r e t i c a l  amount of energy b e  used.  In  a  s t u d y  c a r -  
r i e d  o u t  by J .  Fleming /19/  i t  was found t h a t  t e c h n o l o g i c a l  p r o g r e s s  
ceased  a t  an energy c o s t  of about  2.5 t imes  t h e  t h e o r e t i c a l  minimum. 
C e r t a i n l y  i f  one does  a  chemical  e n g i n e e r i n g  a n a l y s i s  of  a  l a r g e  am- 
monia p l a n t  i t  1s q u l c k l y  a p p a r e n t  t h a t  v i r t u a l l y  a l l  p o s s i b i l i t i e s  of 
improvement have been made, i n c l u d i n g  t h o s e  of economies of  s c a l e .  The 
1 
most e f f i c i e n t  ammonia p l a n t s  a r e  now on t h e  s c a l e  of  300.000 t .  
My judgement i s  t h a t  from now on i n  terms of g r o s s  energy r e s o u r c e ,  t h e  
marg ina l  energy requ i rement  of ammonia w i l l  r i s e ,  n o t  f a l l ,  though,  a s  
o l d  p l a n t s  a r e  r e p l a c e d  by new, t h e  g l o b a l  ave rage  GER of ammonia may 
s t i l l  c o n t i n u e  t o  f a l l  f o r  some t i m e  y e t .  
It  means m e t r i c  t o n s  throughout  t h i s  paper  

3.2 Waste 
I f  t h e  essence of conserva t ion  is t h e  avoidance of waste,  thermodynamic 
c a l c u l a t i o n s  provide one means of determining t h e  scope f o r  reducing 
waste.  Table 2  summarises some publ ished f i g u r e s  /20/. The impression 
given is  somewhat analogous t o  t h e  ammonia example i n  Sec t ion  3.1, name- 
l y  t h a t  f u r t h e r  t echnologica l  progress  is undoubtedly pos s ib l e .  The 
IFIAS workshop adopted t h e  convention of de f in ing  a  waste f a c t o r  a s  f o l -  
lows : 
a c t u a l  f r e e  energy t o  
- t h e o r e t i c a l  f r e e  
e f f e c t  t ransformat ion  energy use 
waste f a c t o r  = 
a c t u a l  f r e e  energy use  
Such a  f a c t o r  approaches zero  i n  a  pe r f ec t  system. There a r e  a  number 
of ob j ec t i ons  t o  t h i s  d e f i n i t i o n .  F i r s t l y ,  i t  is  conceptua l ly  more use- 
f u l  t o  have a  d e f i n i t i o n  t h a t  approaches unity a t  p e r f e c t i o n ,  and is less 
than u n i t y  o therwise .  But t h e  p r i n c i p a l  o b j e c t i o n ,  and t h i s  is  being  ex- 
amined by t h e  CCMS committee of NATO, is  t h a t  t h e r e  is a tempta t ion  t o  
look a t  Table 2 and say  t o  onese l f  t h a t  c l e a r l y  t h e  paper i ndus t ry  i s  
l e s s  e n e r g e t i c a l l y  e f f i c i e n t  than t h e  o i l  i n d u s t r y ,  which i n  t u r n  is less 
e f f i c i e n t  than t h e  i r o n  indus t ry .  This may not  be  t h e  ca se ,  f o r  un l e s s  
one has made a  t echno log ica l  s tudy  of t he  i r r e v e r s i b i l i t i e s  i n  t h e  pro- 
ce s s  i n  ques t i on ,  one cannot come t o  f i rm  conclusions.  Never the less  t h e  
waste f a c t o r ,  however de f ined ,  i f  used i n  a  t ime s e r i e s  a n a l y s i s  of one 
commodity can g i v e  one a  good i n s i g h t  t o  technologica l  p rogress  and i m -  
pending technologica l  l i m i t s .  
Table  2 F r e e  energy u s e  - a c t u a l  and i d e a l ;  ( sources :  E.P.  Gyftopolous et  
a l .  /20/, and S. Berry and M. F e l s  /13h. 
Product  AG Actua l  f o r  I n d u s t r y  AGideal Waste 
i n  US i n  1968 F a c t o r  
Coking of c o a l  2.8 -. 38 I. 13 
I r o n  30.1 6-3 -76 
Gasol ine 4-4 .4 - 9 
Paper  40 .2 1. 005 
Aluminium 200 26.3 87 
Cement 8 -2 .8 9 
S t e e l  from Fe 21.3 2.0 1-19 
Zlnc sme l t i ng  58 -1.4 1.02 
I t  is  worth n o t i n g ,  i n  pass ing ,  t h a t  t h i s  s o r t  of a n a l y s i s  is no t  new, 
bu t  has been c a r r i e d  out  by process  eng ineers  eve r  s i n c e  thermodynamics 
was i nco rpo ra t ed  i n t o  t h e i r  t r a i n i n g .  Most i n d u s t r i a l  o r g a n i s a t i o n s  
make t h e i r  own energy ba l ances ,  though few have made such a f e t i s h  of 
i t  a s  Dow Chemical, USA, which s e t s  energy t a r g e t s  f o r  i ts  p l a n t  man- 
a g e r s ,  appa ren t l y  wi th  g r e a t  success  /21/. 
3 . 3  Conserva t ion  
I t  q u i c k l y  becomes apparen t  i n  any p r a c t i c a l  c o n s e r v a t i o n  measure t h a t  
c o n s e r v a t i o n  is  n e c e s s a r i l y  preceded by inves tment .  Of c o u r s e ,  one  may 
conserve  energy by a b s t a i n i n g ,  e i t h e r  v o l u n t a r i l y  o r  th rough  t a x e s ,  b u t  
f o r  t h e  purpose  of  t h i s  paper  such  a  c o n s e r v a t i o n  s h a l l  b e  t r e a t e d  a s  
a  form of r a t i o n i n g ,  s i n c e  it c a l l s  f o r  m o d i f i c a t i o n  of  p e r s o n a l  be- 
h a v i o u r  o u t s i d e  t h e  a r e a  of f r e e  cho ice .  
One of  t h e  most f a m i l i a r  examples i s  t h e  a d d i t i o n  of i n s u l a t i o n  t o  a  
house t o  reduce i t s  energy consumption f o r  s p a c e  h e a t i n g .  Here ,apparen t -  
l y ,  t h e  o b j e c t i v e  f u n c t i o n  is energy ,  n o t  money. W e  would, a s  an  a s i d e ,  
remark t h a t  t h i s  i s  an i n c o n s i s t e n t  a t t i t u d e .  I f  t h e  o b j e c t i v e  f u n c t i o n  
f o r ,  le t  us s a y ,  p r o d u c t i o n ,  is money, then  i t  shou ld  remain s o  f o r  s p a c e  
h e a t i n g .  Yet many peop le  who a r e  o t h e r w i s e  economical ly  minded, s w i t c h  
t o  an energy a n a l y s i s  mode o f  thought  when c o n f r o n t e d  w i t h  a s p a c e  h e a t -  
i n g  c o n s e r v a t i o n  problem. 
Let  u s  f i r s t  s t a t e  t h e  parameters  of t h e  problem and i t s  s o l u t i o n .  A 
poor ly  i n s u l a t e d  house  u s e s  up more energy t o  h e a t  a  g iven  s p a c e  than  
a  w e l l  i n s u l a t e d  house.  There  a r e  r e c o r d s  of 9 0  m2 Swedish houses  t h a t  
a r e  c a p a b l e  of b e i n g  main ta ined  a t  20°c i n  mid-winter t e m p e r a t u r e s  w i t h  
an i n p u t  of o n l y  3 kW of h e a t  /22/. A s i m i l a r l y  s i z e d  E n g l i s h  house 
b u i l t  t o  t h e  s t a n d a r d s  of t h e  1960s would r e q u i r e  about  12  kW t o  a t -  
t a i n  t h e  same comCfort l e v e l  i n  a  l e s s  c o l d  c l i m a t e .  
The E n g l i s h  house may b e  improved by b e t t e r  i n s u l a t i o n .  I n s u l a t i o n  means 
inves tment .  Investment  means added m a t e r i a l s  and l a b o u r .  M a t e r i a l s  re- 
q u i r e  energy i n  t h e i r  manufacture.  Hence an energy a n a l y s i s  w i l l  examine 
t h e  t r ade -o f f  between added investment ( i n  energy te rms)  and energy saved ,  
whi le  an economic a n a l y s i s  w i l l  examine t h e  money o r  energy saved per  u n i t  
of money i nves t ed .  
Tab le  3 g i v e s  t h e  outcome of such an a n a l y s i s  /23/ app l i ed  t o  a  90 m 2 
p u b l i c  a u t h o r i t y  house b u i l t  f o r  r e n t  i n  Sco t land  i n  1976. The house,  
one of s e v e r a l  hundred u n i t s  i n  a  new town, was b u i l t  t o  1976 s t anda rds  
of i n s u l a t i o n ,  r e f l e c t i n g  e x i s t i n g  economic assessments  of hea t i r gand  
c o n s t r u c t i o n  c o s t s .  
Tab le  3 L i f e t ime  c o s t  of house 
The t a b l e  shows t h r e e  mod i f i c a t i ons  of t h e  house. Mark 1 is  t h e  s t anda rd  
house wi th  gas  c e n t r a l  h e a t i n g .  The house is  cos t ed  f o r  i t s  c o n s t r u c t i o n ,  
maintenance and o p e r a t i o n  ove r  i ts  a n t i c i p a t e d  l i f e t i m e  of 60  yea r s ,  a l l  
I 1  
reduced t o  n e t  p resen t  valuet1  (NPV) a s  is  customary w i th  economic evalu-  
a t i o n s .  I n  Sco t land ,  where t h e  s t u d y  was done, t h e  method i s  known as  
P u b l i c  Investment Ana lys i s  and u t i l i s e s  a  s t anda rd  d i s coun t  r a t e  of 10% 
r 
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recommended by t h e  T r e a s u r y  Depar tment  o f  t h e  UK Government. The e n e r g y  
r e q u i r e m e n t  is  a s s e s s e d  u s i n g  known c l i m a t i c  d a t a ,  and a f a i r l y  s o p h i -  
s t i c a t e d  method o f  a s s e s s i n g  h e a t  l o s s  from t h e  house .  The GER o f  t h e  
f u e l s  used  i n  t h e  h o u s e  are t h o s e  p u b l i s h e d  by  t h e  B u i l d i n g  Resea rch  
S t a t i o n  o f  t h e  U K ,  which d i f f e r  s l i g h t l y ,  b u t  n o t  s e r i o u s l y ,  f rom o t h e r ,  
more r i g o r o u s  c a l c u l a t i o n s .  
The GER o f  t h e  house  i s  p o s s i b l y  t h e  most d e t a i l e d  e v e r  made o f  a house ,  
f o r  it w a s  o b t a i n e d  f rom a q u a n t i t y  Survey  i n  which e v e r y  l a s t  n a i l  and 
s c r e w  is  l i s t e d .  The materials were grouped i n t o  247 classes of  material, 
f o r  which GER f i g u r e s  were computed. The f i n a l  r e s u l t  o f  some 700  G J  is  
c o n s i d e r a b l y  h i g h e r  t h a n  f i g u r e s  o f t e n  q u o t e d  f o r  house  c o n s t r u c t i o n ,  
b u t  p r e v i o u s  s t u d i e s  have  t e n d e d  t o  c o n s i d e r  o n l y  p r imary  p h y s i c a l  i n -  
p u t s  and n o t  t h e  e n t i r e  sys t em.  T y p i c a l  o f  s u c h  an i n c o m p l e t e  s t u d y  i s  
t h a t  o f  t h e  E. Gardne r  and M .  Smith  /24/,  r e c e n t l y  p u b l i s h e d ,  i n  which 
d a t a  are g i v e n  i n  GERs and some i n  p r o c e s s  e n e r g y  r e q u i r e m e n t s ,  and n o  
a c c o u n t  i s  t a k e n  o f  many i t e m s  o f  a manufac tu red  n a t u r e ,  n o r  o n - s i t e  
e n e r g y  u s e .  
Mark I1 is  a w e l l  i n s u l a t e d  house  w i t h  d o u b l e  g l a z i n g ,  p o l y u r e t h a n e  foam 
i n  t h e  c a v i t y  w a l l ,  and b e t t e r  s e a l i n g  i n  t h e  d o o r  and windows t o  c u t  
down a d v e n t i t i o u s  a i r  changes .  Mark 111 r e p l a c e s  t h e  g a s  c e n t r a l  h e a t i n g  
i n  t h e  i n s u l a t e d  house  w i t h  an  a i r  h e a t  exchange  h e a t  pump. 
P u b l i c  i n v e s t m e n t  a n a l y s i s  ( t h a t  i s  economic a n a l y s i s  u s i n g  g u i d e l i n e s  
l a i d  down b y  t h e  UK T r e a s u r y )  shows a  s m a l l  a d v a n t a g e  f o r  t h e  b e t t e r  i n -  
s u l a t e d  house  and a  v e r y  s l i g h t  a d v a n t a g e  f o r  t h e  h e a t  pump. T h i s  cal- 
c u l a t i o n  r a i s e s  t h e  problem of what d i s coun t  r a t e s  t o  use .  When t h e  c a l -  
c u l a t i o n  a l lm& f o r  s p e c u l a t i v e  r i s e s  i n  energy p r i c e s  ( s e e  Table  3 ) ,  t h e  
economic conc lu s ions  were f i r m l y  i n  favour  of house i n s u l a t i o n  and hea t  
pumps. But of cou r se ,  how does one  p r e d i c t  f u t u r e  energy p r i c e s ?  
Energy a n a l y s i s  sugges t s  a  huge advantage f o r  b e t t e r  i n s u l a t i o n ,  equa l  
t o  a  270 r e t u r n  pe r  annum on t h e  added energy investment .  It  sugges t s  a  
f u r t h e r  advantage f o r  r e p l a c i n g  ga s  c e n t r a l  h e a t i n g  w i th  a  hea t  pump, 
bu t  t h e  r e t u r n  on (energy)  investment  i s  l e s s  s p e c t a c u l a r  - 37% p e r  annum. 
How should one i n t e r p r e t  such  r e s u l t s ?  The outcome of t h e  economic a n a l y s i s  
is  e n t i r e l y  p r ed i ca t ed  on two unknowns - t h e  d i s coun t  r a t e  and t h e  f u t u r e  
p r i c e  of energy.  The energy a n a l y s i s  method c o n t a i n s  no such u n c e r t a i n t i e s ,  
b u t  i gno re s  t i m e  a s  an element i n  d e c i s i o n  making. However, i f  t h e  a n a l y s t  
dec ide s  t o  u se  t h e  energy a n a l y s i s  approach, then  what i s  h i s  procedure? 
The i n s u l a t i o n  of one house r e q u i r e s  a  c e r t a i n  investment  i n  energy spread  
o v e r  a  s h o r t  t i m e ,  and i s  fol lowed by a  pe r i od  of d imin ished  energy u se ,  
s o  t h a t  energy  investment  is  e v e n t u a l l y  pa id  back ,u sua l l y  r e f e r r e d  t o  a s  
t h e  pay-back t ime. Ten thousand houses s imply  produce a  r e s u l t  t e n  thou- 
sand t i m e s  g r e a t e r .  The dynamics of changing a  system of poo r ly - i n su l a t ed  
houses t o  b e t t e r  ones r e q u i r e s  t h e  development of a dynamic model. E i t h e r  
one t e s t s  t h e  ou tpu t  of such a  model a g a i n s t  a  number of s c e n a r i o s  o r ,  
having determined an e n e r g e t i c  s o l u t i o n  de te rmines  t h e  economic s a n c t i o n s  
(perhaps  t a x  r e b a t e s ,  subs i . d i e s ,  e t c . )  which could c r e a t e  t h e  nece s sa ry  
i n c e n t i v e s  . 
In  t h e  end, however, such  a n a l y s i s  cannot  b e  i s o l a t e d  from t r e n d s  w i th in  
t h e  t o t a l  system, which must i nc lude  t r ends  i n  energy product ion (e.g. more 
o r  less e l e c t r i c i t y ) ,  t r e n d s  i n  u t i l i s a t i o n  systems (whether hea t  pumps 
w i l l  become cheaper ,  o r  more e f f i c i e n t ) ,  and trends i n  s o c i a l  behaviour 
( w i l l  people t a k e  ga ins  i n  cos t  of space hea t ing  i n  more comfort o r  i n  
more power t o  spend elsewhere) .  Chapman /SO/ f o r  example has shown t h a t  
t ak ing  t h e  system a s  a  whole t h e  e l e c t r i c  r o u t e  could b e  e n e r g e t i c a l l y  
supe r io r  t o  t h e  p e t r o l  d r iven  c a r  i n  t h e  UK. 
3.4 Energy. t h e  Determinant of Cost? 
Any sugges t ion  t h a t  energy may be  t h e  determinant of c o s t  immediately 
b r ings  t h e  charge of t r y i n g  t o  in t roduce  an energy theory  of value.  A s  
w i l l  be explained i n  Sec t ion  4.2, such a  theory  would be  a s  f a l l a c i o u s  
a s  a  labour  theory  of va lue ,  o r  any o t h e r  s ingle-parameter  theory .  Never- 
t h e l e s s  t h e r e  is  some evidence t o  suggest  t h a t  energy a n a l y s i s  can a l low 
one t o  p r e d i c t  r e l a t i v e  c o s t s  of prime m a t e r i a l s .  Without a t  t h i s  po in t  
p u t t i n g  forward any explana t ion  f o r  t h e  r e s u l t s ,  l e t  us look a t  t h e  work 
of W.G. P h i l l i p s  and D.P. Edwards /25/ and t h e i r  a s s o c i a t e s .  They found 
t h a t  they  were a b l e  t o  p r e d i c t  t h e  p r i c e  of meta l s  on t h e  London metal  
exchange simply by computing t h e  Gibbs f r e e  energy - which i s  c l o s e  t o  
a v a i l a b l e  work ( k e ~ a b l e  1) - of t h e  formation of t h e  meta l  from i t s  o r e s  
a t  cu r r en t  average o r e  grade.  
F igu re  4 reproduces t h e i r  p l o t .  The c o r r e l a t i o n  is  q u i t e  remarkable,  and 
f i t s  i n  wel l  with t h e  i d e a s  put forwad i n  s e c t i o n  4.2. 
Price $'68/kg 
Figure 4 Metal prices andore grades predicted versus actual price; 
source: W. G.Phillips and D.P,Edwards /25/. 
3 - 5  Energy Requirement f o r  Energy 
A p r i m i t i v e  peasant ,  a s se s s ing  h i s  days of work upon t h e  land ,  may ask 
himself how many days he must work per  year  i n  o r d e r  t o  feed himself and 
h i s  family.  If he f i n d s  he must work every day l igh t  hour of every day, 
then he has no capac i ty  t o  widen h i s  system, f o r  h i s  e n t i r e  l i f e  is taken 
up wi th  meeting h i s  own b a s i c  needs.  A peasant  whose annual l abour  i n  t h e  
f i e l d s  feeds  t h r e e  o t h e r  people t o  work on o t h e r  a c t i v i t i e s  i s  l i v i n g  a 
community capable  of  expansion i n  many d i r e c t i o n s  of development. It is 
a u s e f u l  parameter t o  know t h e  f r a c t i o n  of man's t i m e  t h a t  must be  taken 
up i n  supplying him wi th  food, and economists looking a t  p r i m i t i v e  com- 
muni t ies  do j u s t  t h a t .  
In t h e  same sense  it is  s u r e l y  va luab le  t o  ask how much of t h e  energy be- 
ing  produced by an energy system is  needed t o  d r i v e  t h a t  system. I f  a l l  
t h e  energy produced i s  used up i n  d r i v i n g  t h e  system, none is  l e f t  f o r  
o t h e r  purposes,  and t h e  system is p o i n t l e s s .  (We do n o t  s ay  t h i s  of  t h e  
man who g ives  a l l  h i s  t i m e  t o  producing h i s  food, because w e  y i e l d  t o  
man t h e  r i g h t  t o  l i v e . )  The IFIAS workshop /1/ gave t h i s  mat te r  some a t -  
1 I t e n t i o n ,  and proposed a parameter c a l l e d  t h e  energy requirement f o r  
energy1' (ERE). F igu re  5 d e p i c t s  t h e  e x t r a c t i o n  and s u b s e q u e ~ ~ t p r o c e s s i n g  
of a resource  i n  t h e  ground t o  a f u e l  (see Sect ion  2.1.3, Terminology). 
The 'energy t ransformat ion  system' box (ETS) conta ins  a l l  t h e  processes  
t h a t  occur  i n  o r d e r  t o  produce a u n i t  of f u e l  y. 'y' may be  i n  kilograms 
o r  b a r r e l s  o r  i n  M J .  I f  t h e  l a s t ,  i t  i s  t h e  hea t  t h a t  would be  r e l ea sed  
i f  'y '  was burn t  under s tandard  condi t ions  (see Sec t ion  2.1.3). 

For convenience l e t  us v i s u a l i s e  t h e  ETS a s  a  c rude  o i l  r e f i n e r y  pro- 
ducing a  unique product ,  y. The ETS w i l l  i nc lude  a l l  p r i o r  a c t i v i t i e s  
l i k e  exp lo ra t i on ,  production, t r a n s p o r t a t i o n  by p ipe - l i ne  o r  t anker .  
Some of t h e  product  y  ( o r  o t h e r s ) ,  q ,  i s  recycled back i n t o  t h e  ETS. I t  
may be  f u e l  f o r  t anke r s ,  o i l  t o  hea t  fu rnaces ,  and s o  on. There may be  
some waste,  r. For example, i n  a  s h a l e  r e f i n e r y  t h e  waste rock s t i l l  
con ta in s  some hydrocarbons. The amount of r e sou rce  needed, t h e r e f o r e ,  
t o  y i e l d  a  u n i t  'y' is y + r + q.  However, i t  is more than  l i k e l y  t h a t  
i n  s e t t i n g  up t h e  ETS e x t e r n a l  i npu t s  were requi red ,  and dur ing  ope ra t i on  
may cont inue  t o  be requi red .  For  example, s t e e l  and cement may have been 
requi red  t o  b u i l d  t h e  ETS, and e x t e r n a l l y  produced e l e c t r i c i t y  and mate- 
r i a l s  may be r equ i r ed  t o  ope ra t e  i t .  Let us l i s t  two such inpu t s  and com- 
pu te  them a s  so much pe r  u n i t  of 'y ' ,  s a y  a  + b. S ince  a  + b must thsm- 
s e l v e s  have been t h e  r e s u l t  of some energy resource  being e x t r a c t e d  e l s e -  
where, they  a r e  couched i n  GER terms. 
. 
Thus the  to ta l  &;;or;-.t cf rcsourcc required t o  deliver a u n i t  of ' y '  is 
GER f u e l  = (y  + r + q + a  + b)  equa t ion  2 
Under t h e  IFIAS convent ions,  t h i s  is t h e  GER of t h e  r e sou rce  t ype  y,  p e r  
u n i t  of product .  The ERE is  t h e r e f o r e  
3 "5.1 Net Energy 
The concept of t h e  energy requirement f o r  energy b r ings  i n t o  need t h e  con- 
cep t  of n e t  energy. Concern f o r  n e t  energy has spread f a s t .  A t  one time 
f o l k - l o r e  had i t  t h a t  nuc l ea r  r e a c t o r s  were not  n e t  energy producers.  A 
misquote i n  Newsweek i n  1975 (though co r r ec t ed  t h e  fo l lowing  week), spread 
t h e  i dea  t h a t  s h a l e  o i l  was not  a n e t  energy producer.  Net energy became 
a key pawn i n  t h e  environmental lobby. In 1975 Congress was persuaded t o  
pass a law (Pub l i c  Law 93-577) making i t  mandatory f o r  funding bodies  t o  
c a r r y  ou t  a n e t  energy a n a l y s i s  when eva lua t ing  R & D suppor t .  I t  was 
l a t e r  apprec ia ted  t h a t  no-one had a c t u a l l y  p r e c i s e l y  def ined  n e t  energy, 
and funded by t h e  NSF, 2 n e t  energy workshop was convened i n  S tanford ,  
C a l i f o r n i a ,  i n  August 1975 /12/. Most cu r ious ly  t h e  workshop ended by de- 
c l i n i n g  t o  formula te  any algori thm f o r  n e t  energy. 
W e  cannot ,  t h e r e f o r e  draw upon a widely he ld  consensus i n  proposing a 
parameter of n e t  energy,  and t h e  fol lowing must be ascr ibed  s t r i c t l y  
t o  t h e  au thor  of t h i s  paper.  
The reader  i s  advised t o  look c l o s e l y  a t  t h e  provenance of "ne t  energy 
r a t i o s " ,  which abound i n  t h e  l i t e r a t u r e  bu t  a r e  no t  o f t e n  comparable. 
3.5.1.1 SESU D e f i n i t i o n  of N e t  E n e r v ~  
Using F igure  5 ,  t h e  S t r a t h c l y d e  Energy S tud ie s  Unit (SESU) d e f i n i t i o n ,  
n e t  energy is def ined  
n e t  energy = y - (a  + b + ... a l l  e x t e r n a l  i npu t s  expressed a s  GER/y 
equat ion 4 
This  d e f i n i t i o n  omits  'r + q '  from t h e  computation. In  t h i s  way, when 
( a  + b + ...I = y ,  e x t r a c t i o n  of t h e  r e sou rce  ceases  t o  be  meaningful. 
There is a s  much energy around i f  one does nothing.  A poin t  of f u t i l i t y  
has been reached, f o r  by not  e x t r a c t i n g  t h e  resource  t h e r e  is a v a i l a b l e  t o  
t h e  economy as  much energy as  t h e r e  i s  by e x t r a c t i n g  i t .  The only  except ion  
can be  when y has a q u a l i t y  (however expressed)  g r e a t e r  than  inpu t s  t a  + h ?  , 
a s  i n  t h e  case  of t h a  product ' y '  being e l e c t r i c i t y 2 .  On t h e  o t h e r  hand 
( r +  q )  can be  ( i n f i n i t e l y )  l a r g e  without reaching  a po in t  of f u t i l i t y .  
In  t h e  c a s e  of e x t r a c t i o n  of t a r  sands,  ( r  + q )  a r e  s i z e a b l e .  
C l e a r l y ,  depending on t h e  va lues  of r and q ,  t h e  GER of a f u e l  could va ry  
widely even a t  t h e  po in t  of f u t i l i t y .  When a and b a r e  zero ,  then  t h e  
GER must approach i n f i n i t y  be fo re  being a n e t  energy loser. If t h e  totai 
system were t h e  t o t a l  work system, then  t h i s  would be  t h e  way t o  sum i t .  
Table 4 l i s t s  GER and n e t  energy f i g u r e s  der ived  from t h e  energy a n a l y s i s  
work of t h e  Colorado S t a t e  Energy Research I n s t i t u t e  /26/. 
2 ~ n  i n t e r e s t i n g  v a r i a t i o n  of t h e  problem i s  when 'y '  i s  a food,  Some 
a n a l y s t s  (e.g. Leach /28/) l i k e  t o  express  a food product i n  u n i t s  
of metabol izab le  c a l o r i e s ,  and s o  sompute an Itenergy r a t i o t t ,  which 
o f t e n  exceeds un i ty ,  t h a t  is ,  produces nega t ive  n e t  energy. Usual ly  
energy r a t i o  is  expressed a s  t h e  i nve r se  of ERE.  
The IFIAS GER d e f i n i t i o n  s u c c e s s f u l l y  removes any va lue  judgement. 
Thus one might f i n d  t h a t  i t  took 13  M J  of energy resource  t o  d e l i v e r  
1 kwh of e l e c t r i c i t y ,  and 3.9 M J  t o  d e l i v e r  1 kWh ( thermal )  of coa l .  
Like money, one does not  expect a s i n g l e  number t o  t e l l  one every- 
t h i n g  one needs t o  know. One must a l s o  know t h a t  t h e  work p o t e n t i a l  
of 1 kwh of e l e c t r i c i t y  f a r  exceeds t h a t  of 1 kWh ( thermal )  of coa l .  
Table 4 GER and n e t  energy (SESU) f o r  US f u e l s  1261. 
.- ~p~~ ~ - ~- 
GER SE,W 
Net Energy 
N a t u r a l  G a s  
High C a l o r i f i c  v a l u e  g a s  from 
s u r f a c e  and underground c o a l  1. 67 
Gasol ine  from pe t ro leum 1.2 
Gasol ine  from underground s h a l e  1.76 
Gasol ine  from s u r f a c e  s h a l e  1-75 
Gasol ine  from c o a l  I -65 
Coal  I -03 
E l e c t r i c i t y  from 
Natuz-al gas 3.82 -88 
O i l  s h a l e  5.21 - 74 
3.5.2  Net Energy of Bio-Mass Systems 
Of r e cen t  y e a r s  bio-mass systems have been pu t  forward a s  s o l u t i o n s  t o  
t h e  energy problem. C.Lewis /29,47/ has  made a s tudy  of such systems and has 
come up w i th  some p e s s i m i s t i c  r e s u l t s .  Unlike t h e  use of  f o s s i l  3r f i s s i l e  
f u e l s ,  b io -mass  systems r e q u i r e  much l and .  Lewis' method of a n a l y s i s  can 
\> Poor Retorting 
\ Opti- } Conditions 
- 
0 10% Calorific Value of Synclude I I 
10.0 30.0 50.0 
Oil Shale Grade (US gd.k ) 
Figure  6 Process  energy requirement  f o r  t h e  p roduc t ion  of Syncrude from 
v a r i o u s  g rades  of o i l  shale,  source  P.Chapmand and D.~emming/27/ 
be  summarised i n  F i g u r e  7 i n  which t h e  box r e p r e s e n t s  t h e  l a n d  a r e a  r e -  
q u i r e d  t o  produce a system ou tpu t  of y M J  of f u e l .  H e  examined a number 
of systems which were thought  t o  b e  economical ly  v i a b l e ,  and h i s  r e s u l t s  
a r e  summarised i n  Tab le  5. The key column is  n e t  energy,  expressed  a s  
GJ/ha-yr. Note t h a t  s o l a r  energy is  t r e a t e d  a s  a f r e e  i npu t  because i t  is 
a f l u  s o u r c e  a v a i l a b l e  whether u t i l i s e d  o r  no t .  Very few i n t e n s i v e  b io -  
mass systems,  i t  seems, a r e  n e t  energy producers3.  Those t h a t  a r e ,  a p a r t  
from s t r aw ,  a r e  u n t e s t e d ,  t h e  c a l c u l a t i o n s  having been done upon paper  
s t u d i e s  by o t h e r  workers.  The energy c rop  concept ( a g r i c u l t u r e  f o r  b io -  
mass) of t h e  S t an fo rd  Research I n s t i t u t e  is somewhat p r ed i ca t ed  upon t h e  
Q 
energy requirement  f o r  water  supply ,  and though t h e  i d e a  looks a t t r a c t i v e ,  
3 
C .  Lewis examined mainly  i n t e n s i v e  systems.  Many non - in t ens ive  ones 
a r e  n e t  energy producers ,  bu t  ou tpu t  p e r  h e c t a r e  is ve ry  low indeed.  
Bhys ica l  h p u t s  
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Figure  7 Energy systems a n a l y s i s  of bio-mass p roduc t ion  
::he l o c a t i o n  s t u d i e d ,  New Mexico, would c a l l  f o r  p ip ing  v a s t  q u a n t i t i e s  
of wate r  o v e r  more than  800 mi l e s  from t h e  M i s s i s s i p p i  r i v e r .  The ou tpu t  
of 1000 ~ ~ / h a - ~ r  i s  ve ry  impress ive ,  b u t  would n e v e r t h e l e s s  e n t a i l ,  i n  
t h e  US c o n t e x t ,  t h e  d e d i c a t i o n  of  some 7 0 . 1 0 ~  h e c t a r e s  of  l and  t o  f u r n i s h  
c u r r e n t  US needs.  Neve r the l e s s  bio-energy systems do o f f e r  a  v a l u a b l e  
p o t e n t i a l  t o  l e s s  developed r u r a l  communities, and t h e r e  a r e  promising 
new b io - t e chno log i e s  , 
Land A r e a  
3.5.3 Net Energy Ana ly s i s  and Economic A na ly s i s  
* 
In  equa t i on  2 i n p u t s  a  + b  + . . . emanate from o t h e r  p a r t s  of t h e  eco- 
nomic system and t h e r e f o r e  have a  de t e rminab l e  p r i c e .  Elements r and q  
j Water is  assumed t o  be s u f f i c i e n t ,  but s e e  Section 2 f o r  a discuss ion  of  t h e  
, impl ica t ions  of  water def ic iency;  
1 
I 
Table 5 Data on bio-mass production and its copversion to fuel, 
source: r . T . e w <  s /79 ,67 /  
SThe g r e a t e r  GER ethanol  from t imber  v i a  t h e  enzymatic hydro lys i s  r o u t e  over  t h a t  ' 
v i a  the  a c i d  hydro lys i s  p a t h  is somewhat compensated by the  47% i n c r e a s e  i n  
, labour  requirements of  t h e  l a t t e r  r a t h e r  outmoded system! I 
i The sugarcane growth and sugar-ethanol r o u t e  system is t h e  most favourable  as 
i a marginal n e t  energy producer us ing c u r r e n t  technology; i 
, 
1 es A s  sewage-grown algae a r e  themselves a n e t  energy l o s s  us ing c u r r e n t  methods, t h e  1 
conversion of  t h e i r  energy content  i n t o  methane w i l l  g r e a t l y  magnify t h i s  l o s s ;  ' I 
; Although an o v e r a l l  n e t  energy l o s s ,  the  product ion o f  methane from farm waste 
is  genera l ly  considered t o  be a mere by-product of an e f f l u e n t  t reatment  system. 
A s i m i l a r  a t t i t u d e  may be adopted whcn consider ing methane evo lu t ion  from a lgae  ' grown on domestic organic  sewage. I 
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have no v a l u e  i f  t h e  r e s ou r c e  is unexplo i ted .  In  an economic c o s t i n g  of 
a t e n t a t i v e  p r o c e s s , r  and q have an impact o n ly  i n  s o  far a s  they  a f f e c t  
t h e  p l a n t  s i z e ,  that IS, capital needs o r  environmental  impacts .  D i r e c t  
c o s t s  t end  t o  be more c l o s e l y  r e l a t e d  t o  t h e  r a t i o  
(a + b + ... ) /y ,  and n o t  t o  t h e  t o t a l  amount of prime r e s o u r c e  use.  I n  
t h i s  s en s e  i t  i s  c l o s e l y  a k in  t o  n e t  energy a n a l y s i s ,  and s o  one might 
expect  t o  f i n d  n e t  energy  a n a l y s i s  p rov id ing  some i n s i g h t s  i n t o  r e l a t i v e  
c o s t s ,  a s  Edwards and P h i l l i p s  d i d  f o r  m e t a l s  /25/. 
'i'he wel l  known c a s e  is  t h a t  of US o i l  from sh a l e ,  Economic p r e d i c t i o n s  
made i n  1972 showed t h a t  s h a l e  o i l  would b e  economical ly  v i a b l e  when 
ground o i l  reached a  p r i c e  of $ 11 p e r  b a r r e l ,  whi le  post  1973 c a l c u l a t i o n s  
of o i l  from s h a l e  showed a v i a b i l i t y  at  $ 18,  and r e c e n t l y  t h e s e  
f i g u r e s  have been r a i s e d  f u r t h e r .  Always t h e  new f i g u r e  is  somewhat 
o i l  
g r e a t e r  t han  c u r r e n t  g round/pr ices .  Can one make any deduc t ion  from t h e  
f i g u r e s  shown i n  Tab l e  6 below? 
Table  6 R e l a t i v e  energy requ i rements  of  US groundoi l  and s h a l e  o i l  
- - - - 
GER Ne&&ergy 
Gaso l ine  from ground o i l ,  western USA 1.2 .89 
Gaso l ine  from Colorado s h a l e  1.75 .a3 
R a t i o  of s h a l e  o i l /g round  o i l  1.35 1.07 
The deduc t ion  s u r e l y  is t h a t  i n  s h a l e  o i l  t h e  terms ( &  + b ... )/y a r e  
f o r e  
l a r g e r  than  f o r  ground o i l ,  and t h a t  t h e r e l a  g iven  ouput of o i l  from 
s h a l e  c a l l s  f o r  more i n p u t  from t h e  economic system than  does  ground 
o i l .  Hence, no m a t t e r  t h e  p r i c e  of ground o i l ,  s h a l e  remains uneconomic 
u n l e s s  g iven  t a x  o r  d e p r e c i a t i o n  advantages .  
Uranium i s  an example of d i v e r g e n t  thought  on t h i s  m a t t e r .  S e v e r a l  energy 
a n a l y s e s  now e x i s t  on n u c l e a r  power systems; w i t h  r e s p e c t  t o  uranium t h e y  
adopt one of t h r e e  convent ions  : 
( 1 )  T r e a t  uranium a s  a non-energy i n p u t ,  i.e. 
Y + r + q  = 0 i n  e q u a t i o n  1. 
This  i s  done by P. R o t t y  e t  a l .  a t  Oak Ridge /30/ 
(2)  Give uranium an energy v a l u e  equa l  t o  u s e f u l  h e a t  
c a p t u r e d  i n  t h e  r e a c t o r .  'y' p e r  u n i t  r e s o u r c e  u s e  
is  t h e n  a f u n c t i o n  of t h e  system, and of c u r r e n t  
teck?clcgy. ?'hi& systcx is a d c ~ t c d  i n  UK m d  EEC 
energy s t a t i s t i c s .  
( 3 )  T r e a t  uranium a s  a f u e l  having an energy c o n t e n t  
e q u a l  t o  i t s  f i s s i o n  energy,  whether used o r  n o t .  
Th i s  method is  analogous t o  t h a t  i n t e r n a t i o n a l l y  
adopted f o r  f o s s i l  f u e l s  f o r  o v e r  a hundred y e a r s .  
Each of t h e s e  methods produces d i f f e r e n t  GER v a l u e s  (method 3 g i v e s  ab0u.t; 
20 MJ/kWh f o r  a PWR), but  t h e  same SESU n e t m e r g y .  
3.6 Dynamic N e t  Energy Analysis  
Sec t ion  3 . 5  must a rouse  some anx ie ty  i n  t h e  mind of t h e  a n a l y s t .  One be- 
s e t t i n g  problem is where t o  draw t h e  system boundary, and though i n  Fig-  
u r e  5 t h e  i n d i v i d u a l  energy t ransformat ion  system (ETS) has a system 
boundary drawn around i t ,  s o  t h a t  upstream i t  is t h e  r e sou rce  i n  t h e  
ground and downstream i t  is  t h e  f u e l  d e l i v e r e d  t o  t h e  demand s e c t o r ,  
t h e r e  a r e  n e v e r t h e l e s s  cont inu ing  doubts  about t h e  c o r r e c t  i n t e r p r e t -  
a t i o n  of t h e  e x t e r n a l  i n p u t s ,  no t  l e a s t  of which isthe eva lua t ion  t o  be  
put upon e l e c t r i c i t y .  Often some assumption is made of 33% e f f i c i e n c y ,  
y i e l d i n g  1 kwh e l e c t r i c i t y  equa ls  10.8 M J .  A b e t t e r  approach is t o  make 
a t o t a l  energy systems a n a l y s i s  t o  determine t o t a l  system n e t  energy. 
This  has been done by A.R. Gloyne and R. Peckham /31/ f o r  t h e  e n t i r e  
EEC energy system. Thei r  model is a s imula t ion  model. There is no need 
t o  i n t roduce  parameters of g ros s  energy requirement a s  i n  equat ion 2 
o r  n e t  energy a s  i n  equa t ion  4. Thei r  model produces two ou tpu t s  
from t h e  sum of a l l  t h e  energy t ransformat ion  systems i n  t h e  EEC domain: 
thermal  energy and e l e c t r i c a l  energy. These two ou tpu t s  e n t e r  t h e  demand 
s e c t o r .  The ETS's draw back from t h e  demand s e c t o r  i n p u t s  f o r  maintenance, 
c o n s t r u c t i o n ,  ope ra t i on  and s o  on, couched i n  thermal  and e l e c t r i c a l  u n i t s .  
Deprec ia t ion  and new cons t ruc t ion  a r e  d e a l t  wi th  a s  t hey  occur .  Resources 
a r e  dep le t ed  according t o  s cena r io s  l a i d  down through economic o r  p o l i t i -  
c a l  a n a l y s i s .  Such a model gene ra t e s  an ins tan taneous  va lue  f o r  t h e  re- 
source  requirement of e l e c t r i c i t y ,  and t h e  t o t a l  system n e t  energy. I t  
answers a c c u r a t e l y  t h e  quest ion;  what is t h e  t o t a l  resource  requirement 
t o  s a t i s f y  a given energy demand? Energy mix can be  changed according t o  
a pre-conceived po l i cy ,  whether computed by economic methods o r  d i c t a t e d  
by s t r a t e g i c  o r  p o l i t i c a l  methods, o r  i t  can be  changed according t o  mar- 
gini i l  n e t  energy va lues  of d i f f e r e n t  f u e l  mixes. 'Tile d a t a  e n i e r i n g  such 
a model corresponds e x a c t l y  t o  t h a t  formulated i n  t h e  IIASA Energy  group,'^ 
WELMM s tudy  by M. Grenon and a s s o c i a t e s  /36/. 
Given access  t o  WELMM type  d a t a ,  t h e  ou tput  of such a model can be  pro- 
l i f i c ,  y i e l d i n g  a l l  r e l evan t  f a c t o r s  of energy product ion.  
3.7 Energy Requirement of Energy: North Sea O i l  
Modelling s t u d i e s  such a s  descr ibed  i n  Sec t ion  3.6 r e q u i r e  information 
on t h e  changing inpu t s  per  u n i t  of ou tput  a s  t h e  q u a l i t y  of a resource  
changes. Energy a n a l y s i s  provides  one wi th  t h e  t o o l  t o  make t h a t  s t udy ,  
bu t  a t  cons ide rab l e  c o s t  of t i m e  and e f f o r t .  For example, it took t h r e e  
man months t o  e s t a b l i s h  t h e  energy requi red  f o r  cons t ruc t ion ,  ope ra t i on ,  
exp lo ra t i on ,  product ion e t c ,  f o r  one f i e l d  of t h e  North Sea. E. Mcleodts 
numbers f o r  t h e  F o r t i e s  f i e l d  /32/ a r e  l i s t e d  i n  Table  7 below. In  pr in-  
c i p l e ,  i f  one was t o  make a s i m i l a r  s t udy  f o r  a l l  pos s ib l e  North Sea o i l  
f i e l d s ,  one could emerge with a va lue  f o r  ERE (energy requirement f o r  
energy) a s  a func t ion  of amount of o i l  e x t r a c t e d ,  and when secondary o r  
t e r t i a r y  methods of recovery occur , take them i n t o  account a s  an i n t e r n a l  
r ecyc l e .  D. Hemming /27/ has attempted t o  do t h i s  f o r  t h e  North Sea, 
though h i s  d a t a  base is s t i l l  ve ry  t h i n .  The genera l  t h r u s t  of h i s  work 
i s  dep ic t ed  i n  F igu re  8. 
Table 7 Energy Requirements of the Forties  O i l  Fie ld ,  
source: E.YcLeod 1321 
Capital 6 Mract Total 
10 aJ 
Construction/installation 
of production plat fonne 2.92 2.78 5-70 
Under-sea pipeline 
Production drilling 
On-ahore inatallations 6. i 033 6.43 
Product ion 23.0 107.6 130.6 
Average over Life time of field 0.645 GJ equivalent to yield 
=SlJ.Net Energy (average) of 0.985. This value is to bring crud. oil.[ 
tb the refinery gate, not to produce refined o i l .  
of Crud. Oil 
of Crub Oil 
6 Field Size (x10 Recoverable Reserves of Oil) 
Figure 8 North Sea o i l  f i e l d s :  var iat ion of energy requirements 
of o i l  recovery with f i e l d  s i z e ;  water depth (m)/average 
success rate  A (8711 : 8 ) ,  B(120/1:8), C (120/1:16) ; source 
P . Chapman and D .  Jleming /27/ .  
4 .  N e w  Concepts  
t? The q u e s t i o n  i s  f r e q u e n t l y  posed what i s  t h e  u t i l i t y  o f  ene rgy  a n a l y s i s ? " ,  
t* 
and i s  fo l lowed  w i t h  t h e  e n q u i r y  what can energy a n a l y s i s  do t h a t  money 
cannot  do  b e t t e r ? " .  Let  u s  concede a t  once  t h a t  f o r  making a  d e c i s i o n  t o -  
day money is  an e x t r e m e l y  s e n s i t i v e  way o f  summing a l l  f a c t o r s  i n t o  one  
n u n e r a i r e .  Today's  p r i c e  compared w i t h  t o d a y ' s  money s u p p l y  e n t e r s  i n t o  
e v e r y  p e r s o n ' s  b r a i n  l i k e  two i n p u t s  t o  a  s o p h i s t i c a t e d  computer programme, 
and a l l o w s  each  t o  make h i s  o r  h e r  c h o i c e .  T h i s  s o p h i s t i c a t i o n  s h o u l d  n o t  
b l i n d  u s  t o  t h e  f a c t  t h a t  money is  a  symbol. It i s  a  v a l u e  judgement. W e  
s e e  t h i s  a t  i t s  c l e a r e s t  on t h o s e  o c c a s i o n s  when c o n f i d e n c e  ebbs  i n  t h e  
money sys tem,  a s  i t  d i d  i n  t h e  Germany of  1920. W e  see i t  when d e p o s i t o r s  
l o s e  c o n f i d e n c e  i n  a  bank,  a s  happened w i t h  t h e  I n t r a  Bank i n  t h e  Lebanon 
some y e a r s  ago. 
An impor tan t  f a c t o r  concern ing  money is  t h a t  i t s  s u p p l y  is  n o t  based  upon 
a s t o c k  of  p h y s i c a l  o r  human r e s o u r c e s  b u t  on o u r  s k i l l  i n  m a i n t a i n i n g  i t s  
c i r c u l a t i o n .  Through t h e  banking sys tem a  g iven  q u a n t i t y  o f  money can b e  ~ 
l e n t  s e v e r a l  t i m e s  o v e r  b e f o r e  t h e  o r i g i n a l  d e b t  i s  s e t t l e d ,  t h u s  i n -  
~ 
c r e a s i n g  t h e  money s u p p l y  wi thou t  i n c r e a s i n g  t h e  r e s o u r c e  b a s e .  Both  t h e  
w i l l i n g n e s s  t o  l e n d  money and t h e  w i l l i n g n e s s  t o  borrow r e f l e c t  con- 
d i t i o n s  of  c o n l i d e n c e .  Those who choose  t o  l i v e  o f f  money, t h a t  i s  t o  
s a y  by t h e  c r a f t  of l e n d i n g  a t  i n t e r e s t ,  a r e  o b l i g e d  t o  f i n d  bor rowers  
a t  a l l  times, even i f ,  a s  a t  p r e s e n t  i n  t h e  UK and I t a l y ,  money i s  e f -  
f e c t i v e l y  l e n t  a t  a  n e g a t i v e  i n t e r e s t  r a t e .  T h i s  is b e a r a b l e ,  because  
Under s u c h  ~ i r c u m s t a n c e s  e q u i l i b r i u m  b a s e d  upon t h e  i n t e r s e c t i o n  o f  s u p p l y  
demand c u r v e s  is  a  t r a n s i e n t  dependen t  on management o f  t h e  money s u p p l y .  
I t  is  t o o  e a s y  f o r  b a n k e r s  arid governments  t o  d i s t o r t  t h e  i n t e r s e c t i o n  b y  
a l t e r i n g  t h e  money s u p p r y .  
These  t h o u g h t s  s u g g e s t  t h a t  money, wha teve r  i t s  p r e c i s i o n  a s  a  r e c k o n e r  
i n  t h e  wor ld  of  t h i s  i n s t a n t ,  becomes an  i n c r e a s i n g l y  less a d e q u a t e  meas- 
u r e  o f  f u t u r e  a c t i v i t i e s .  Moreover,  t h e  economic h o r i z o n  i s  l i m i t e d  en- 
t i r e l y  b y  t h e  p e r c e i v e d  d i s c o u n t  rate .  I f  t h i s  r a t e  is  lo%, t h e n  any e v e n t  
t w e n t y - f i v e  y e a r s  o r  more ahead  h a s  z e r o  e f f e c t  on  economic d e c i s i o n  making. 
The B r i t i s h  Government f a c e d  w i t h  t h i s  f a c t  i n  making i t s  f o r e s t r y  p o l i c y  
(trees t a k e  more t h a n  25 y e a r s  t o  grow t o  m a t u r i t y )  w a s  o b l i g e d  t o  i n t r o -  
duce  a  m o d i f i e d  d i s c o u n t  rate.  The moment o n e  m o d i f i e s  it  by f i a t ,  t h e  
l o g i c a l  b a s i s  o f  t h e  o r i g i n a l  d i s c o u n t  ra te  i s  b r o u g h t  i n t o  q u e s t i o n .  
Most e n e r g y  m o d e l l i n g  is  p r e s e n t l y  done  i n  money u n i t s ,  and s u c h  model- 
l i n g  r a i s e s  two s e r i o u s  d o u b t s  ( even  when r e c o u r s e  i s  made t o  r e l a t i v e  
p r i c e s ) .  The f i r s t  is  t h e  u n c e r t a i n t y  a b o u t  f u t u r e  p r i c e s  and t h e  second 
t h e  u n c e r t a i n t y  a b o u t  e l a s t i c i t i e s  o f  s u p p l y  and demand. The p r o j e c t i o n  
o f  p a s t  v a l u e s  e n t a i l s  as many a s sumpt ions  a s  t h e r e  a r e  p o s s i b i l i t i e s ,  
w h i l e  t h e  c o n c e p t  o f  e l a s t i c i t y ,  though a v e r y  u s e f u l  method of  p r e d i c t i n g  
what migh t  happen tomorrow ( s i n c e  p e o p l e ' s  tastes  d o n ' t  change  t h a t  q u i c k -  
l y )  c a n  on o c c a s i o n  b e  t l o p e l e s s l y  wrong. No e c o n o m e t r i c  model p r e d i c t e d  
t h e  sudden emergence  o f  an OPEC car te l  s t r o n g  enough t o  create a s t e p  
change  i n  o i l  p r i c e s .  I t  i s  e n t i r e l y  s u s p e c t  f o r  any  p e r i o d  f o r  ahead  i n  
t i m e  . 
We can,  a t  b e s t ,  regard econometric modelling us ing  t h e  money numeraire 
and e l a s t i c i t i e s  a s  a guide t o  t h e  f u t u r e  t r e n d s  i n  terms of cu r r en t  be- 
haviour ,  knowledge, g o a l s ,  p re jud ices  and b e l i e f s ,  and s o  regard them 
with i n c r e a s i n g  cau t ion ,  a s  they move t o  t h e  middle and d i s t a n t  f u t u r e .  
On t h e  o t h e r  hand, t h e r e  i s  a need t o  have some handle  on t h e  f u t u r e .  
Energy a n a l y s i s  o f f e r s  some a s s i s t a n c e .  On t h e  b a s i s  of Edwards and 
P h i l l i p s  /25/ and t h e  n e t  energy d i scus s ion  i n  Sec t ion  3.5 it would seem 
t h a t  n e t  energy a n a l y s i s  may g ive  a gu ide  t o  f u t u r e  ( r e l a t i v e )  p r i c e s  of 
energy. 
4.1 World's Primary Resources 
Table 8 d e p i c t s  t h e  world's primary resources .  They f a l l  i n t o  t h r e e  ca t e -  
g o r i e s :  f i n i t e  and non-consumable, renewable, and non-renewable. 
Table 8 World's primary resources  
FORM RESOURCE SOME VARIABLES 
FINITE 
RESOURCES 
UNCONSUMABLE 
RENEWABLE 
RESOURCES 
N ON 
RENEWABLE 
STOCKS 
FLUXES 
ENERGY 
[ NEGEWTROW] 
LAND 
ORE-BODIES 
WATER 
SEA 
AIR 
SOLAR 
ENERGY 
RAINFALL 
PEOPLE 
AN1 MALS 
BIO MASS 
FOSSIL 
FlSSlLE 
FUSION 
QUALITY 
QUALITY 
ALTITUDE 
TEMPERATURE 
CLIMATE 
SEASON 
UNCERTAINTY 
l DEAS 
OUAUTY 
GENETIC 
LAND 
QUALITY 
DIVERSITY 
O W L I N  
DILUTION 
LATITUDE 1 
DISTRIBUTION 
DIRRIBUTION 
I 
LATITUDE 
LATITUDE 
DISTRIBUTI0I.I 
TECHNOLOGY 
TRAINING 
INPUTS 
DlSTRIBUTI0I.I 
DISTRIBUTION 
4 .1 .1 ,  F i n i t e  Non-Consumable Resources  
On t h e  f i n i t e  r e s o u r c e s  t h e r e  are t h o s e  t h a t  are non-consumable,  and 
t h o s e  t h a t  are f l u x e s ,  t o  b e  i n s t a n t l y  used  o r  n o t  a t  a l l .  
F i n i t e  r e s o u r c e s  r e p r e s e n t  s t o c k s ,  an  i n h e r i t a n c e  o f  o r e - b o d i e s ,  sea- 
w a t e r ,  f r e s h  w a t e r  l a k e s ,  and a i r .  When a m e t a l  i s  s e q u e s t e r e d  from an 
o r e  i t  is n o t  consumed. I t s  e n t r o p y  i s  r educed  (it i s  made i n t o  more 
o r d e r e d  atoms o r  s t r u c t u r e s ) .  I t  may form some e l emen t  o f  c a p i t a l  s t o c k  
o r  some 'consumer '  good b u t  i t  i s  n e v e r  consumed. The atom of  i r o n  i n  
i r o n  o r e  r ema ins  an  atom of i r o n ,  whether  t u r n e d  i n t o  a c a r ,  o r  subse-  
q u e n t l y  thrown on t h e  s c r a p  h e a p  and r e t u r n e d  t o  r u s t .  T h e r e  i s ,  i n  ad- 
d i t i o n ,  so much o f  e v e r y  e l emen t  on t h e  e a r t h  t h a t ,  as A .  Weinberg /33/ 
h a s  shown, w e  s i m p l y  canno t  run  o u t .  
What w e  run s h o r t  o f  i s  h i g h  g r a d e  o r e s .  Once gone w e  can  i n  t h e  l a s t  re- 
s o r t  g o  t o  common c l a y  o r  even s e a  w a t e r  f o r  a l l  o u r  n e e d s .  K. Dunham /34/, 
M. S l e s s e r  /35/, and A .  Weinberg /33/ a g r e e  t h a t  t h e  o n l y  p h y s i c a l  l i m i t a t -  
i o n  on t h e  e x t r a c t i o n  of  o r e s  i s  t h e  e n e r g y  needed t o  g e t  a t  them, and t h e  
r e s u l t i n g  p o l l u t i o n  f rom l a r g e  amounts of  waste. 
F l u x e s ,  on t h e  o t h e r  hand,  r e p r e s e n t  r e s o u r c e s  which are o n l y v a l u a b l e  i f  
c a p t u r e d .  The most i m p o r t a n t  of  t h e s e  is  s o l a r  r a d i a t i o n ,  abou t  which w e  
have  a g r e a t  d e a l  of i n f o r m a t i o n .  I ts  f l u x  v a r i e s  w i t h  s e a s o n  and l a t i t u d e .  
N a t u r a l  eco-sys tems have  l e a r n t  t o  c a p t u r e  a s m a l l  p r o p o r t i o n  o f  t h e  i n c i -  
d e n t  e n e r g y ,  and t h e o r e t i c a l  b i o - c h e m i s t r y  h a s  e l u c i d a t e d  r e a s o n s  why even 
u s i n g  optimum p h o t o - s y n t h e t i c  pa thways ,  no  more t h a n  4% t o  5% of  t h i s  i n -  
c i d e n t  e n e r g y  can  b e  c a p t u r e d .  W e  are,  however, a t  t h e  b e g i n n i n g  of  con- 
t r i v i n g  p h y s i c a l  d e v i c e s  s u c h  a s  p h o t o - v o l t a i c  d e v i c e s  which can  b e t t e r  
t h a t  f i g u r e .  
4.1.2 Renewable Resources 
Living th ings  a r e  renewable. In  a t o t a l l y  u n i n t e n s i f i e d  world t h e  ba lance  
of n a t u r e  was e s t a b l i s h e d  by a b r a r c h y  of consumers which man, t h e  hun te r ,  
managed t o  dominate. Today w e  u t i l i s e  energy t o  s t i m u l a t e  output  and t o  
intensify,  and i n  s o  doing we can mu l t i p ly  many-fold o u r  s t o c k  of renewable 
resources-man, animals and p l a n t s .  1 n a . h i g h l y  developed s o c i e t y  we no 
longer  regard  a man o r  woman a s  source  of work ( s e e  Sec t ion  2.1.4), bu t  
mostly a s  a dec i s ion  maker, whether t hose  dec i s ions  b e  t h a t  of company 
p o l i c y  o r  c o n t r o l l i n g  t h e  machine t h a t  f i l l s  t h e  milk ca r tons .  Man a s  
a renewable resource  has t h e  enormous advantage over  o t h e r  spec i e s  t h a t  
h i s  evo lu t ion  can be  very f a s t .  Through educat ion and t r a i n i n g ,  i n  one 
genera t ion  he can move from a p r imi t i ve  environment t o  a h igh ly  sophi-  
s t i c a t e d  one. H e  can inc rease  and mu l t i p ly ,  o r  choose t o  d e c l i n e  i n  
numbers. H e  has a s o c i a l  conscience t h a t  makes him o r  he r  cons ide r  t h e  
next  genera t ion  and its welfare .  
4.1.3 Non-Renewable Resources 
There is  only  one s e t  of  non-renewable resources4 ,  and t h a t  is  our  i n -  
h e r i t e d  s tock  of f o s s i l ,  f i s s i l e  o r  fu s ionab le  energy. Admittedly t h e  
s tock  i s  very l a r g e ,  bu t  a l r eady  w e  seem t o  be  running up aga ins t  some 
problem of main ta in ing  t h e  flow of u s e f u l  f u e l s  i n t o  o u r  economic system. 
' s t r i c t l y  speaking t h e  sun,  a s  a fu s ion  r e a c t i o n ,  is a l s o  non-renewable, 
s o  t h i s  s ta tement  depends on ou r  t i m e  horizon.  
W e  s e e  a t  once t h a t  t h e r e  i s  a d i s t i n c t i o n  of q u a i i t y  between s t o c k s  and 
f lows .  Wo may judge t h e  s o p h i s t i c a t i o n  of a p a r t i c u l a r  s o c i e t y  by t h e  
number of e l e c t r i c  motors pe r  c a p i t a .  These a r e  v a l u e l e s s  t o  u s  u n l e s s  
t h e r e  is  a v a i l a b l e  t o  them a f low of e l e c t r i c i t y .  The e n e r g y  problem is  
t h e r e f o r e  a f u e l  f low problem. I t  has  a d u a l  n a t u r e ,  because  w e  a l s o  
have a d a i l y  fl.ow of  d i l u t e  ( i f  h i g h  g r a d e )  energy:  t h e  s u n ,  However, w e  
have n o t  y e t  found a way t o  make u s e  of t h a t  on a r e a l l y  l a r g e  s c a l e ,  and 
any d i s c u s s i o n  of t h e  energy  s c e n e  must f o r  t h e  moment c e n t r e  around t h e  
manner i n  which energy  s t o c k s  a r e  t u r n e d  i n t o  f lows ,  and what ene rgy  does  
when i t  r e a c h e s  t h e  economic sys tem.  A ~qoment 's  d i g r e s s i o n  may h e l p  t h o s e  
w i t h  l i t t l e  a c q u a t a n c e  w i t h  thermodynamics. 
The chemics l  e q u a t i o n  f o r  t h e  burn ing  of n a t u r a l  g a s  w i t h  a i r  r eads :  
CH + 2 0 2  + Ig2 + CO + 2 H  O + N2 AH = 55.7 MJ/kg methane. 
4 2 2 
A H  r e p r e s e n t s  t h e  heht  given o u t  by t h e  combustion p r o c e s s .  It is  a spon- 
t aneous  p r o c e s s ,  I t  cannot  however o c c u r  s p o n t a n e o u s l y  i n  t h e  r e v e r s e  
d i r e c t i o n .  That  i s  t o  s a y  i f  we t a k e  some ca rbon  d i o x i d e  and wa te r  (of  
which t h e r e  i s  a b c n i a c e  i n  t k e  a i r ) ,  no  m a t t e r  how l o n g  w e  w a i t ,  methane 
? 
w i l l  n e v e r  b e  formedn. To form methane r e q u i r e s  an a d d i t i o n a l  amount of 
ene rgy ,  and t h e  concep t  of  e n t r o p y  is  i n t r o d u c e d  t o  e f f e c t  t h e  r e l a t i o n  
between t h e  a c t u a l  energ:? cf coinbustion,  AH, and t h e  energy  a v a i l a b l e  t o  
do u s e f u l  t h i . n g s ,  t h e  s o - c a l l e d  f r e e  energy ,  A G .  F r e e  i s  n o t  h e r e  i n -  
5 ~ h i s  i s  n o t  s t r i c t l y  t r u e .  B m i x t u r e  of  p u r e  C 0 2  and w a t e r  vapour i n  
t h e  r a t i o  of 1:2 (which does  n o t  o c c u r  i n  n a t u r e )  has  t h e  p o t e n t i a l  t o  
change t o  some m e t  m e  arid axygeil,  b u t  a s  t h e  e q u i l i b r i u m  c o n s t a n t  is  
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approx imate ly  10 , t h e  methane product  i s  a lmos t  u n d e t e c t a b l y  s m a l l ,  
and may h e  ignored  f o r  p r a c t i c a l  purposes .  
tended i n  an economic sense ,  but  r a t h e r  i n  t h e  s ense  of t h a t  proport ion 
of t h e  energy which is  a c t u a l l y  f r e e  t o  do work, t h e  rest being  unavai l -  
ab le .  
Our economic system is  e n t i r e l y  taken up with ca r ry ing  out  non-spontan- 
eous processes .  The s imples t  way t o  perce ive  t h i s  is  t o  cons ider  a  d i f -  
f u s e  resource  i n  t h e  ground, being concent ra ted  i n t o  a  s e t  of ordered 
molecules c a l l e d  a  b i l l e t  of iron, which is  f u r t h e r  ordered  i n t o  shee t  
s t e e l ,  and when blended with o t h e r  s i m i l a r  p rocesses ,  f i n a l l y  c r e a t e s  
an automobile.  W e  have c r ea t ed  a  very ordered t h i n g  indeed, and t h e  non- 
renewable r e sou rce  p r i c e  w e  have paid is  t h e  d e s t r u c t i o n  of o rde r  else- 
where. A s  was pointed ou t  i n  Sec t ions  3.1 and 3.2 i n  s p i t e  of our  c lever -  
ne s s ,  w e  s t i l l  use  s e v e r a l  t i m e s  more energy t o  make something than t h e  
t h e o r e t i c a l .  That i s  a way of s t a t i n g  t h a t  every th ing  w e  make inc reases  
t h e  entropy of our  world. R. Claus ius ,  t h e  German p h y s i c i s t  who i n t r o -  
11 duced t h e  concept of entropy,  remarked gloomily D i e  En t rop i e  d e r  W e l t  
s t r e b t  einem Maximum zu"'. Thus a s  w e  i n c r e a s e  t h e  product ion of goods, 
i nc reas ing  with economic growth, w e  i n c r e a s e  t h e  number of ordered u n i t s  
i n  our  environment and s o  decrease  t h e i r  entropy.  W e  a r e  a t  t h e  same t ime ,  
by a  l a r g e  f a c t o r ,  i nc reas ing  t h e  t o t a l  system entropy,  o r  a s  descr ibed  
i n  Sec t ion  1, consuming negentropy. I t  i s  a one-way process .  The economist,  
N. Georgescu-Roegen /36/, has argued t h a t  even tua l ly  our  e n t i r e  energy 
supply w i l l  be  taken  up with maintaining e x i s t i n g  systems, l e av ing  noth ing  
f o r  development o r  expansion. No-one, however, has  ye t  e s t a b l i s h e d  i f  such 
a  po in t  i s  imminent o r  f a r  o f f .  
Broad ly  speak ing ,  t h e r e f o r e ,  we can r e g a r d  t h e  consumption of f u e l s  a s  
t h e  consumption o f  negen t ropy .  However, we a l s o  en joy  a  d a i l y  s u p p l y  from 
t h e  s u n ,  whose negen t ropy  we have s c a r c e l y  l e a r n t  t o  use .  U n t i l  w e  do s o  
o u r  e x i s t i n g  economic sys tem can o n l y  b e  s u s t a i n e d  by t h e  consumption of 
f u e l  s t o c k s .  
F o r  t h o s e  who s t i l l  doubt t h i s  approach,  a  re-examinat ion o f  F i g u r e  4 i s  
urged.  The convers ion  of an o r e  i n t o  a  meta l  i s  an e x e r c i s e  i n  reduc ing  
t h e  e n t r o p y  o f  t h e  m e t a l ,  and is  measured not a s  h e a t ,  b u t  a s  a  r e d u c t i o n  
i n  e n t r o p y ,  th rough  t h e  Gibbs ' f r e e  energy c r i t e r i o n .  
I n  everyday speech  t h e  word energy  w i l l  c o n t i n u e  t o  b e  used ,  b u t  i t  is  
impor tan t  t o  a p p r e c i a t e  t h e  word i s  r e a l l y  a s u r r o g a t e  f o r  negentropy.  
4.2 Energy - Labour I n t e r p r e t a t i o n  of Monev 
An economic p r o d u c t i o n  f u n c t i o n  may b e  w r i t t e n  a s  f o l l o w s ,  expanded t o  
d i f f e r e n t i a t e  energy from o t h e r  p h y s i c a l  i n p u t s :  
Q ( r a t e  of p r o d u c t i o n )  = a' (K,L,E,M) 
where 
K is  c a p i t a l ,  i n  economic terms e x p r e s s e d  a s  money; 
L i s  l a b o u r ,  e x p r e s s e d  a s  money c o s t ;  
E is  energy;  
M is  m a t e r i a l s .  
One may v i s u a l i s e  a t rade-of f  between t h e s e  i n p u t s ,  f o r  example between 
energy and l abour ,  and, f o r  a given s imple system, argue t h a t  product ion 
w i l l  develop a s  t h e  i npu t s  grow and may be  du ly  opt imised.  
Take now an energy a n a l y t i c a l  view of t h e s e  f o u r  i npu t s .  An energy ana- 
l y s i s  upon t h e  m a t e r i a l s  w i l l  r evea l  a network of i n p u t s  going back t o  
t h e  o r e  i n  t h e  ground, t h e  energy i n  t h e  ground, c a p i t a l  and labour .  
An energy a n a l y s i s  of c a p i t a l  g o ~ d s  w i l l  l i kewi se  end up, when networked 
back, a s  m a t e r i a l s ,  l abour  and energy. I f  t h e  e n t i r e  product ion system is 
networked back we a r e  l e f t  with t h e  r e l a t i o n s h i p  
where 
L i s  c u r r e n t  l abour  use-decis ion making; 
L' i s  pas t  labouruse-technologv o r  know-how; 
E i s  c u r r e n t  energy use; 
E' i s  pas t  energy use -cap i t a l ,  du ly  deprec ia ted .  
In t h i s  model w e  see t h a t  no s i n g l e  parameter theory  of va lue  w i l l  su f -  
f i c e .  We can s e e  why W.G. P h i l l i p s '  and D.P. Edward's /25/ p l o t  (F igure  
3.4) occurs .  For  a l l  mining ope ra t i ons ,  t h e  c a p i t a l  and labour  i npu t s  
a r e  presumably of much t h e  same o r d e r ,  t h e  key c u r r e n t  v a r i a b l e  being 
f r e e  energy. 
I  am much indebted t o  P. Chapman f o r  a f u r t h e r  development a long t h e s e  
l i n e s  r e l a t i n g  t o  t h e  r e l a t i o n  between c a p i t a l  and energy p r i c e s .  Let us 
express  t h e  c o s t  of a c a p i t a l  i t e m ,  K ,  a s  
where 
XL = t o t a l  man-hours labour; 
5 = t o t a l  q u a n t i t y  of f u e l  used; 
PL = p r i c e  of labour/man-hour; 
PF = p r i c e  of fuel /M,;  
I = i n t e r e s t  r a t e ;  
= p r o f i t ,  r e n t ,  e t c .  
Now f o r  Power S t a t i o n s  i n  t h e  UK ( 1  + d I )  is  about 1.5. 
Simplifying,  
where 
An examination of long term t r ends  i n  t h e  UK by R. Echiburru /51/ showed 
t h a t  P /P has s t e a d i l y  increased .  L F XL, on t h e  o t h e r  hand tends t o  f a l l  w i t h  
improving p roduc t iv i ty .  AS a f i r s t  approximation, then,  BXL w i l l  tend t o  a 
s t a b l e  va lue .  
Thus, given a p r i c e  r i s e ,  5 may tend t o  f a l l  under market fo rces ,  l imi t ed  
only  by thermodynamic cons idera t ions .  Hence K & (constant) (1 + S I P F .  
That i s ,  t h e  cos t  of c a p i t a l  i n  a d i r e c t  funct ion  of energy p r i c e  and con ten t .  
Information theory  may be  t h e  key t o  l i n k i n g  labour ( a s  a dec i s ion  making 
u n i t )  and energy ( a s  negentropy) i n t o  one parameter. 
4.3 Energy Analysis  and t h e  WELMM Approach 
In t h e  WELMM approach /36/, t h e  water,  energy, land ,  man-power and m a t e r i a l  
needs t o  s a t i s f y  a  given energy s t r a t e g y  a r e  t o  be  eva lua ted .  The s t a r t i n g  
point  i s  a d a t a  base  c u l l e d  from many sources .  
In t h e  WELMM approach, on ly  t h a t  primary energy e x t r a c t e d  and used by 
t h e  energy t ransformat ion  systems is taken back t o  t h e  system boundary 
of energy i n  t h e  ground; o t h e r  i npu t s  a r e  no t .  Energy a n a l y s t s  would 
argue t h a t  f o r  t h i s  reason WELMM is  a sub-set of energy a n a l y s i s ,  r a t h e r  
than t h e  o t h e r  way around. The argument i s  a s  fo l lows .  Taking F igu re  5,  
t h e  WELMM approach does not  t r e a t  i npu t s  a  + b + ... i n  GER terms but  
i n  d i r e c t  energy terms, and does not  count them a t  a l l  i n  a s se s s ing  
Ifprimary energy e f f i c i ency f r .  Thus, t h e r e  is a need t o  do a  WELMM on 
t h e  inpu t s ,  and a  f u r t h e r  WELMM on t h e s e  inpu t s .  I f  t h e  numbers a r e  
convergent,  then t h e  s l i g h t  e r r o r  r e s u l t i n g  from omission of t h i s  t r e a t -  
ment i s  not  s e r i o u s .  But t h e r e  may be  occasions upon which t h e  answers 
i 
a r e  d ive rgen t ,  and one cannot be s u r e  t h a t  WLMM w i l l  pick  t h a t  up. I f ,  
however, t h e  e n t i r e  opera t ion  i s  c a r r i e d  out i n  t h e  form of a  dynamic 
energy model as  ou t l i ned  i n  Sec t ion  3.6,  i n  which a l l  phys ica l  i npu t s  
a r e  brought back t o  t h e  same system boundary - t h e  o r e s  i n  t h e  ground -- 
no inaccurac ies  a r e  incur red .  The WELMM d a t a  base can then genera te  t h e  
amounts of s t e e l ,  cement, water ,  l and ,  e t c .  needed t o  s a t i s f y  t h e  energy 
programme a t  any poin t  i n  t i m e .  Finding ways of s a t i s f y i n g  t h i s  need i s  
t h e  t a s k  of economic p lanners ,  and not  energy model lers .  1 
A s  an i n s t a n c e  of t h e  way i n  which energy a n a l y s i s  can  n o r m a l i s e  o t h e r  
p h y s i c a l  r e s o u r c e s  thzn  energy ,  t a k e  t h e  c a s e  of w a t e r .  T a b l e  9 l i s t s  
some approximate  nuabar;  f o r  t h e  energy  r e q u i r e d  t o  d e l i v e r  1000 m3 of  
f r e s h  wa te r .  S i n c e  a l l  wa te r  i s  r e c y c l e d  by t h e  a tmospher ic  sys tem and 
e v e n t u a l l y  r e a c h e s  t h e  s e a ,  we can t a k e  t h e  d e s a l i n a t i o n  of sea -wa te r  
a s  t h e  asympto te .  I t  cannou t a k e  more energy  t h a n  280 G ~ / 1 0 0 0  m3 t o  make 
f r e s h  w a t e r ,  and a s  advances i n  r e v e r s e  osmosis  a r e  made, t h a t  f i g u r e  
w i l l  p robab ly  f a l l .  With d a t a  l i k e  t h i s  one cou ld  f o r m u l a t e  f rom a given  
c o u n t r y ' s  w a t e r  r e s o u r c e s  t h e  energy  r e q u i r e d  f o r  w a t e r  s u p p l y ,  expressed  
a s  volume of w a t e r  consumed p e r  y e a r ,  i n  t h e  form of F i g u r e  9. 
T a b l e  9 Energy requ i rement  f o r  w a t e r  
Technology Approximate GER/IOOO m 3  
Invo lved  GJ 
Run-off water i n  mountainous a r e a  dam 0.2 - 2.0 
P u r i f i e d  run-off water  r e s e r v o i r  and 2.2 
p l a n t  
Ground water ,  100 rn deep PmP 4 
Transport i n  p i p e l i n e s  (1000 mi l e s )  p i p e l i n e s  60 
Transport i n  s h i p s  (1000 mi les)  super- t anke r s  75 
Sea water d i s t i l l a t i o n  f l a s h  280 
evapora t ion  
Figure  9 I n c r e a s e  i n  energy requirements f o r  water  supply a s  
consumption grows i n  a water l im i t ed  t e r r i t o r y .  
4 . 4  Energy Supply Model l ing 
Many energy supply models a r e  be ing  developed us ing  op t imi sa t i on  techniques .  
In  such models energy demand is  s e t  a s  an exogeneous i n p u t ,  and t h e  model 
s e t s  ou t  t o  f i n d  t h e  l e a s t  c o s t  s o l u t i o n  t o  t h e  problem. The model may b e  
a g lova l  o r  l o c a l  model. The p r i n c i p l e s  used a r e  i d e n t i c a l .  Such models 
have t o  make assumptions about t h e  f u t u r e  p r i c e  of energy resources  and 
t echnologies .  Such p r i c e s  w i l l  be a f f e c t e d  by f o u r  f a c t o r s :  
( 1 )  i n f l a t i o n ;  
(2)  dep le t i on  of resources ;  
( 3 )  t echnologica l  improvements i n  resource  e x t r a c t i o n ;  
( 4 )  t e chno log ica l  improvements i n  energytransformation;  
( 5 )  p o l i t i c a l  s e t t i n g  of p r i c e s  ( i n  c e n t r a l l y  planned economies). 
I n f l a t i o n  is a  me t t e r  of such consequence, and of s o  l i t t l e  understanding,  
t h a t  many models avoid i t  a l t o g e t h e r  by assuming a  world of "cons tan t  do l -  
l a r s " .  This seems a  c u r i o u s l y  un rea l  assumption. There is  a  view, shared  
by t h e  au thor  t h a t  i n f l a t i o n  i s  i n  f a c t  induced by t h e  d e c l i n e  i n  resource  
q u a l i t y ,  a  po in t  H. Odum 17.1 has made with g r e a t  fo rce .  
Then one must ask t h e  ques t i on  whether t h e  o t h e r  t h r e e  f a c t o r s  can be  
p red i c t ed  i n  money terms with any s o r t  of accuracy. Economic p r o j e c t i o n s  
f o r  any d i s t a n c e  ahead a r e  charged with u n c e r t a i n t y ,  and a s  was i l l u s t r a t e d  
i n  Sec t ion  3.1 t r e n d  e x t r a p o l a t i o n  of technology i s  r i s k y .  What t hen ,  t h e  
energy a n a l y s t  a s k s ,  i s  t h e  po in t  of making a  s o p h i s t i c a t e d  model, i f  i t  
f f  i s  based on a  set of c rude  assumptions?In an a r t i c l e  e n t i t l e d  T h e o r e t i c a l  
Assumptions and Non-Observed !?actsw W .  Leont ie f f  /37/ has  a t t acked  such 
I I 
model making. H e  goes on t o  remark, True advance can be achieved o n l y  
through an i t e r a t i v e  process  i n  which improved t h e o r e t i c a l  fo rmula t ion  
r a i s e s  new empi r i ca l  q u e s t i o n s ,  and t h e  answers t o  t h e s e  q u e s t i o n s ,  i n  
t h e i r  t u r n ,  l e ad  t o  new t h e o r e t i c a l  i n s igh t s " .  
I  sugges t  t h a t  energy a n a l y s i s  provides  one with a  s t e p  a long  t h e  road 
towards b e t t e r  i n s i g h t s .  In  t h e  example of t h e  energy supply model, 
energy a n a l y s i s  can c o n s i d e r a b l y  reduce t h e  u n c e r t a i n t y  o f  t h e  p r i c e  a s -  
sumptions l i s t e d .  The c o u p l i n g  of energy a n a l y s i s  w i t h  a  thorough tech-  
n o l o g i c a l  knowledge of t h e  p r o c e s s e s  of e x t r a c t i o n ,  d e p l e t i o n  and energy 
t r a n s f o r m a t i o n  would e n a b l e  one t o  come up w i t h  a  r e l i a b l e  measure of 
t h e  f u t u r e  GER f o r  t h e  e x p l o i t a t i o n  of an energy r e s o u r c e ,  i n  e i t h e r  
e n t h a l p i c  o r  f r e e  energy terms. These cou ld  t h e n  b e  used a s  a  gu ide  t o  
r e l a t i v e  p r i c e s ,  t h e r e b y  reduc ing  c o n s i d e r a b l y  t h e  u n c e r t a i n t y  i n  t h e  
model. 
But i n f l a t i o n  remains a  problem. Simply b y  s w i t c h i n g  t o  energy  a s  t h e  
numeraire  i n  an energy  supp ly  model, t h e  problem of h a n d l i n g  i n f l a t i o n  
v a n i s h e s .  
What emerges? An o p t i m i s a t i o n  model, op t imised  around minimum f r e e  energy 
use ,  c o n s t r a i n e d ,  a s  would b e  t h e  money model, by t h e  p e r c e i v e d  c o n s t r a i n t s ,  
b e  t h e y  p o l i t i c a l ,  s t r a t e g i c ,  environmental  and s o  on. Is t h a t  s o  bad? Are 
t h e  u n c e r t a i n t i e s  i n t r o d u c e d  by o m i t t i n g  l a b o u r  c o s t  from t h e  model such 
a s  t o  i n v a l i d a t e  t h e  r e s u l t ?  I s u g g e s t  t h e y  a r e  t r i v i a l  i n  comparison t o  
t h e  advantages  ga ined .  The c r i t i c  might f i n d  i t  h e l p f u l  t o  ponder W.G. 
p r i c e  
P h i l l i p s  and D.P. Edwards' f r e e  energy/diagram ( F i g u r e  4) .  I n  pass ing,one 
might n o t e  t h a t  a n o t h e r  o p t i m i s a t i o n  model, t h e  o r i g i n a l  Brookhaven model 
of K. Hoffman /38/, had one f o r m u l a t i o n  i n  which it o p t i m i s e d  f o r  energy  
u s e  and produced a  r e s u l t  11% more c o s t l y  t h a n  t h e  money model. I t  is  a  
p i t y  t h a t  t h i s  a s p e c t  of t h e  Brookhaven model i s  n o t  more d i s c u s s e d .  
4.5 Energy Analysis and Po l lu t ion  
Technology has today reached a l e v e l  where i t  1s  not t oo  much of an 
exaggeration t o  s a y  t h a t  any waste s t ream can be reduced t o  a n  accept -  
a b l e  l e v e l  of p o l l u t i o n ,  given t h e  w i l l  and t h e  investment.  It i s  a 
s t ra ight forward  chemical engineering c a l c u l a t i o n  t o  f i n d  t h e  c o s t  o r  
t h e  energy requirement f o r  such an ac t ion .  But de-pol lut ion n e c e s s a r i l y  
adds t o  t h e  energy use,  and thus  i n  t h e  end of t h e  day t o  thermal pol- 
l u t i o n .  Energy ana lys i s  thus forms an exce l l en t  way of i n t e r n a l i s i n g  
t h e  c o s t s  of p o l l u t i o n ,  while a t  t h e  same time, i f  incorporated i n t o  
a model, i t  can genera te  waste heat  f l u x  diagrams. In a r epor t  t o  OECD 
/39/ o u t l i n i n g  t h i s  use  of energy ana lys i s  f o r  environmental pol icy ,  M. 
S l e s s e r  suggested t h a t  t h i s  could be a way of planning f u t u r e  i n d u s t r i a l  
development i n  densely populated count r ies .  
5 ,  Some Unresolved Issues  i n  Energy Analysis 
5.1 Resources Rendered Economically Inaccess ib l e  
The IFIAS convention /1/ def ines  energy resource  use a s  t h e  amount of 
resource  taken from t h e  ground t o  f u r n i s h  a c e r t a i n  need. I t  ignores 
t h e  p o s s i b i l i t y  t h a t  t h e  e x t r a c t i o n  process may thereby render  somof  
t h g  resource  economically inaccess ib l e .  G. Leach /40/ i n  a t renchant  
c r i t i c i s m  of ne t  energy ana lys i s  argues t h a t  such i s  t h e  amount of re -  
source  o f t e n  rendered i n a c c e s s i b l e ,  t h a t  t o  concern oneself  with energy 
Coal Rendered 
Economically 
haccessible 
Total Resource 7 56 Units 
Currently ~conomic Resource 
- 12 Units 
F i g u r e  10  E x p l o i t a t i o n  l e av ing  economical ly  i n a c c e s s i b l e  r e s o u r c e s  
requirement f o r  energy  above ground is r e a l l y  i r r e l e v a n t .  M. S l e s s e r  /41/ 
has o f f e r e d  a r e b u t t a l  of t h i s  c r i t i c i s m  p o i n t i n g  o u t  t h a t  t h e  i n t e r e s t  
i n  n e t  energy a n a l y s i s  i s  wi th  its economic imp l i ca t i on .  In  f a i r n e s s  t o  
bo th  p o i n t s  of  view t h e  r e a d e r  may c a r e  t o  ponder t h e  fo l l owing  s i t u a t i o n .  
F i g u r e  10 r e p r e s e n t s  a  c o a l  mine c o n t a i n i n g  56 u n i t s  of c o a l .  D r i l l i n g  
t h e  s h a f t  and e x t r a c t i n g  c o a l  can win 12  of  t h o s e  u n i t s ,  b u t  t he r eby  44 
u n i t s  a r e  rendered  i n a c c e s s i b l e ,  excep t  a t  enormous c o s t  and p o s s i b l y  
danger  t o  l i f e .  
Let us suppose t h a t  t o  open t h e  mine i n  t h e  f i r s t  p l a c e  an energy i n v e s t -  
ment equa l  t o  2  u n i t s  was made, and t h a t  t h i s  has  t o  be  m o r t i s e d  ove r  
t h e  e n t i r e  ou tpu t .  Suppose a l s o  t h a t  each u n i t  of c o a l  e x t r a c t e d  r e q u i r e d  
t h e  r ecyc l ing  of 0.05 u n i t s  of c o a l  f o r  d r i v i n g  m a c h i n e q e t c .  Then t h e  
a n t i c i p a t e d  average GER of  coa l  ( i n  MJ/MJ), using t h e  IFIAS convent ion,  
would be 
By t h e  t ime t h e  t w e l f t h  u n i t  has been e x t r a c t e d  t h e  average GER has f a l -  
l e n  t o  1.216. G. Leach argues t h a t  one should add t o  t h e  2 u n i t s  of i n i t i a l  
investment t h e  44 u n i t s  of c o a l  rendered i n a c c e s s i b l e .  I f  you do t h i s ,  he 
a rgues ,  t h e  energy used a t  t h e  s u r f a c e  t o  e x t r a c t  t h e  energy ( t h e  marginal 
GER = 1.05) i s  i r r e l e v a n t .  F igu re  11 d e p i c t s  t h e  outcome. 
G. Leach i s  r i g h t ,  i f  t h e  po in t  of i s s u e  i s  t h e  l o s s  of energy r e sou rces  
i t  can be shown t h a t  
by i l l - a d v i s e d  e x t r a c t i o n .  But i f / c o s t  i s  l i nked  t o  a  n e t  energy para- 
meter ,  then i t s  c a l c u l a t i o n  is  undoubtedly i n t e r e s t i n g .  The evidence sug- 
g e s t s  i t  i s ,  b u t ,  much more r e sea rch  is  needed t o  s a t i s f y  c r i t i c i s m  
Let us now imagine some time f a r  i n  t h e  f u t u r e  when energy s tocks  have 
become much dep le t ed ,  and t h e  abandoned coal-mine is  re-opened. Perhaps 
t h e  s i t u a t i o n  is  a s s i s t e d  by t h e  development of new technologies  bu t  
whether o r  n o t ,  we may expend even more energy r e c y c l e  t o  g e t  each u n i t  
considered 
o u t ,  bu t  i n  t h e  c l i m a t e  of t h e  t i m e  i t  is /worth i t .  What do w e  f i n d ?  
Both t h e  c o s t ,  t h e  average GER and t h e  marginal GER have r i s e n .  I f  one 
was modelling t h e  system, t h e s e  a r e  t h e  pammet~~ we should r e q u i r e  t o  
formula te  ou r  model. 
b 
Note. The marginal  GER is 1.05,  and a  l a r g e  d i f f e r e n c e  a r i s e s  through 
t h e  enormous investment i n  t h e  c o a l  mine r e l a t i v e  t o  i t s  p o t e n t i a l  
ou tput .  
I n  my view, ~ e a c h ' s  c r i t i c i s m  of ne t  energy a n a l y s i s  i s  based on t he  
misconcept ion t h a t  i s  about  s t o c k s ,  whereas i t  i s  r e a l l y  about  
d i f f i c u l t y  of  e x t r a c t i o n ;  
5.2 P a r t i t i o n i n g  
The major unreso lved  convent ion i n  energy a n a l y s i s  i s  t h a t  of p a r t i t i o n .  
Where a  p rocess  produces more than  one economical ly  u s e f u l  good, how 
does  one p a r t i t i o n  t h e  i npu t  e n e r g i e s  a g a i n s t  t h e  v a r i o u s  ou tpu t s ?  
F o r t u n a t e l y  i n  t h e  energy a n a l y s i s  of energy i t s e l f ,  t h e  recommended 
IFIAS convent ion s e r v e s  w e l l .  I t  sugges t s  p a r t i t  ion  where p o s s i b l e  on 
t h e  en tha lpy  con t en t  of products  when t h o s e  producs a r e  combust ible ,  
though f r e e  energy would b e  more a p p r o p r i a t e .  O u t s ide  t h i s ,  t h e  m a t t e r  
s t i l l  remains u n c e r t a i n ,  though t h e  IFIAS s e p o r t  /1/ does t r y  t o  d e a l  
w i th  i t .  
5 .3  Energy Q u a l i t y  
To an eng inee r  o r  thermodynamicist  energy q u a l i t y  i s  r e f l e c t e d  i n  an 
a b i l i t y  t o  do work. True energy a n a l y s i s  t h e r e f o r e  should  b e  conducted 
i n  t h o s e  u n i t s  - of which Gibbs f r e e  energy is  p o s s i b l y  t h e  s i m p l e s t  t o  
compute. Even s o  t h e  t a s k  is  a  hard  one. The economist ha s  t r i e d  t o  
handle  t h i s  by a s c r i b i n g  some f a i r l y  a r b i t r a r y  ' q u a l i t i e s '  t o  energy,  
a s  i n  t h e  work of L.L Brookes /42/, and F.G. Adams and P. Miovic /43/. 
C e r t a i n l y  t h e r e  a r e  o p p o r t u n i t i e s  h e r e  f o r  co-operat ion between t h e  
p ro f e s s ions .  But dimly,  one pe r ce ive s  an even more cogent r e l a t i o n ,  a s  
in format ion  t h e o r y  develops  i t s  own paradigm of en t ropy .  There may be  
some o v e r a l l  i n t e r - r e l a t i n g  f a c t o r  b r i n g i n g  t o g e t h e r  a t  l a s t  a l l  t h e  
f a c t o r s .  The i n t e r e s t e d  r e a d e r  may c a r e  t o  peruse  t h e  works of S. Bagno 
/44/, M. Tr ibus  /45/, o r  A.E. Ferdinand /46/. 
6.  Conclusion 
Energy a n a l y s i s  i s  about e s t ima t ing  t h e  energy resource  requi red  t o  
make a  given good o r  s e r v i c e  a v a i l a b l e  on t h e  market p lace ,  and then  
i n t e r p r e t i n g  t h a t  information wi th in  a  t h e o r e t i c a l  framework. The 
methodology i s  e s t a b l i s h e d ,  and f a i r l y  widely accepted amongst t h e  
s c i e n t i f i c  community i f  no t  wi th in  t h e  economic community. Di f fe rences  
s t i l l  e x i s t  wi th  r e spec t  t o  system boundary, bu t  t h e s e  a r e  s lowly being 
reso lved .  
The a p p l i c a t i o n  of energy a n a l y s i s  i n  i t s  s imples t  form is e x a c t l y  what 
engineers  have done f o r  a  long t i m e  with  r e spec t  t o  making hea t  and mass 
balances.  These ba lances  however d e a l t  wi th  f u e l  use,  and no t  primary 
energy resource.  In t h i s  one r e spec t  energy a n a l y s i s ,  a s  c u r r e n t l y  prac- 
t i s e d  may be  considered t o  t r e a t  a  wider system. The a p p l i c a t i a n  of t h e  
r e s u l t s  of energy a n a l y s i s  t o  s imple problems l i k e  house hea t ing ,  esti-  
mation of waste ,  thermodynamic l i m i t s  r ep re sen t  no new t h e o r e t i c a l  de- 
velopments, bu t  have proved u s e f u l  f o r  a  second o r d e r  ' f e e l '  f o r  eco- 
nomic ques t ions .  The f u t u r e  of energy a n a l y s i s  depends very  l a r g e l y  on 
being a b l e  t o  develop a  t h e o r e t i c a l  framework wi th in  which t h e  numbers 
generated by energy a n a l y s i s  methodology can be  made t o  i l l u m i n a t e  eco- 
nomic problems. So f a r  on ly  a  beginning has been made i n  t h i s  d i r e c t i o n .  
Some p o s s i b l e  d i r e c t i o n s  have been ind ica t ed  i n  t h i s  paper. C e r t a i n l y  
t h e r e  is  a need f o r  t i m e  series h i s t o r i c a l  s t u d i e s .  What is  most i m -  
por t an t  t o  bea r  i n  mind i s  t h a t  wi th  few except ions energy a n a l y s i s  is  
n e i t h e r  i m p l i c i t l y  suppor t ing  no r  opposing an energy theory  of va lue .  
Reasons have been adduced i n  t h i s  paper t o  suggest  t h a t  an energy theo ry  
of va lue  by i t s e l f  would be  e n t i r e l y  misleading. A g r e a t  d e a l  of r e sea rch  
needs t o  be  done t o  e s t a b l i s h  t h e  u t i l i t y  of energy a n a l y s i s  within eco- 
nomic a n a l y s i s .  My own impression is t h a t  i t  w i l l  prove a powerful t o o l  
with which t o  supplement economic a n a l y s i s ,  and t h a t  a s  t h e  t i m e  horizon 
moves f u r t h e r  and f u r t h e r  i n t o  t h e  f u t u r e ,  energy a n a l y s i s  d a t a  w i l l  
se rve  a s  a s u p e r i o r  numeraire t o  money f o r  t h e  e s t ima t ion  of r e l a t i v e  
p r i ce s .  
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APPENDIX 1 
AN APOCRYPHAL TALE, AS TOLD BY A SURVIVOR 
"Looking back on i t ,  I don ' t  know how t h e  p i l o t  managed. He 
brought the  Boeing 707 i n  over the a t o l ,  and pancaked it  i n  about two 
metres of  water i n  the  lagoon, and s l i d  it  on i ts  b e l l y  r i g h t  up t o  
the  edge of  the  sand. We were shaken, but  no one w a s  hurt .  
We stood around the p lane ,  shocked. What next? Apparently 
we were mi les  o f f  the normal air m u t e s ,  even shipping lanes. The 
Captain explained t h a t  as the  r a d i o  was out  of  a c t i o n ,  we had bes t  
s e t t l e  down f o r  a long w a i t .  
Two days l a t e r  we had ea ten  the  last of the  food on board. We 
were hungry. Somebody had managed t o  open one of  t h e  f u e l  tanks  
and we had a bonf i re  of  kerosine t h a t  night .  I th ink  t h a t  was what 
s t a r t e d  it. B i l l  w a s  an engineer ,  and next morning he got  a group of 
us  together  and explained h i s  ideas. "Look", he s a i d ,  " t h e r e ' s  one 
hundred and e ighty  of  u s  here. T h a t ' s  a l o t  of  people, and I ' ll  be t  
we've a l o t  of  s k i l l s .  What e l s e  have we got?  We've got  an at01 
about e igh t  k i iometres  by s i x ,  we're surrounded by ocean, and we've 
got 10,000 l i t r e s  of  keros ine  i n  the  Boeing's tank. I th ink  i t ' s  
time we looked a f t e r  our  own surviva l .  We may not  be found f o r  months, 
even years. Af te r  a l l  we're  supposed t o  be f l y i n g  t o  Alaska. Nobody 
is  going t o  look f o r  u s  down here  i n  the  Pac i f i c .  We've got  t o  s e t  up 
a community. Grow food, hunt f o r  f i s h ,  make ourse lves  a c i v i l i s a t i o n . "  
H i s  words made sense ,  and l a t e r  t h a t  day, a f t e r  a foraging p a r t y  
had brought back two t u r t l e s  and a p i l e  of  coconuts,  we a l l  sat around 
the  camp f i r e ,  l i t  with a l i t r e  o r  two of  ke ros ine ,  and t a lked  it  over. 
It turned out we had an a g r i c u l t u r a l  exper t ,  a couple of doctors ,  t h ree  
engineers ,  an economist,  t h e  crew, and a whole s l a t e  of  people who 
could do c i v i l i s e d  th ings  l i k e  physiotherapy o r  chinese carv ings ,  but 
who had never a c t u a l l y  s o i l e d  t h e i r  hands with t o i l .  And t o i l ,  B i l l  s a i d ,  
was what we would have t o  do t o  s t a r t  with. Grow food, and t h a t  
meant digging i n  t he  s o i l  and hauling mater ia l  t o  make fences. I 
remember the moment well. Somebody w a s  making some notes ,  and 
complained he couldn ' t  see. So someone threw some more kerosine on 
the  f i r e .  B i l l  at once w a s  on h i s  feet .  ' 'That's f u e l ,  t h a t ' s  energy. 
A l l  we've got is what l i e s  i n  the Boeing. Don't waste it. We don' t  
need hea t ,  we got blankets. We don' t  need l i g h t ,  the  sun comes every 
morning. But we sure  as h e l l  need energy t o  do work fo r  us.'' 
Well most of u s  d idn ' t  understand w h a t  he w a s  ge t t ing  a t ,  but 
he seemed kind of a c lever  guy and knew what he w a s  about, so we l a i d  
o f f  the kerosine. 
Next morning B i l l  ca l led  i n  a small group of passengers. It 
seemed they were the p r a c t i c a l  ones. An e lec t ron ic  engineer, a plumber, 
a r e t i r e d  carpenter,  the radio  o f f i c e r ,  and what B i l l  thought best  of 
all, a welder. He explained t ha t  we had one whole Boeing. It w a s  
! 
ours. Our resource,  i f  you liked. We had a l imi ted amount of kerosine. 
We had some s k i l l s ,  and we had an i s l and  a l l  t o  ourselves. He explained 
we had more a s s e t s  than many people i n  developing countr ies  had. Why 
not ge t  our own economy going? B i l l  explained t h a t  the  kerosine 
represented our p r inc ipa l  a s s e t ,  f o r  with it we might do some welding 
and metal treatment,  and eventually generate e l ec t r i c i t y .  But it 
wouldn't last f o r  ever. "Look1' he argued, "we got all t he  people we 
need. The problem is not lack of people, its feeding them. What we 
a r e  l imi ted  i n  is  energy. So before t h a t  10,000 l i t r e s  is f inished,  
we've got t o  have got  a viable  community going here. Mac is going t o  
see i f  he can make some s o r t  of t r a c t o r  out of one of the engines. 
Harry here ,  is going t o  ge t  a generator f o r  e l e c t r i c i t y  going, and that 
w i l l  enable u s  t o  use the  radio ,  and ge t  some music out of t ha t  tape 
recorder we found. Sam, the e lec t ron ics  man,says he th inks  we can 
make some e l e c t r i c  motors,  and a f t e r  a l l  we do have the  Boeing's 
b a t t e r i e s ,  so the p l an  is t o  g e t  a small e l e c t r i c  c a r  going. But 
the b i g  dea l  is t o  g e t  t he  s o l a r  c o l l e c t o r  going. Ber t ,  t h e  plumber, 
w i l l  get  t he  job under way. Once h e ' s  got  u s  ho t  water ,  then we're 
going t o  t r y  t o  make the  c o l l e c t o r  give u s  work." 
"What ' s work" someone asked, amid laughter .  
"It 's  saving you sweating your gu t s  out. I t 's  having a machine 
do i t  f o r  you." 
"1 l i k e  that." 
There w a s  a time when I thought we were going t o  make it. 
Everything was going s o  well. B i l l  used t o  announce each n ight  how 
much f u e l  we had I - e f t ,  and what we s t i l l  had t o  achieve,  t o  make ourse lves  
viable.  We had managed t o  r i g  up an e l e c t r i c  engine,  f o r  one of  t he  
Boeing's i n f l a t a b l e  d ing ie s  and Harry got  the  genera tor  going. It seemed 
t o  be humming day and night .  Night because t h e r e  w a s  popular demand 
f o r  l i g h t  and music. By day t o  do the  jobs, Soon i t  became popular 
t o  use the  boat t o  go over t o  the  f a r  s i d e  of t he  i s l a n d  where the  food 
p l a n t a t i o n  w a s  i n s t e a d  of walking. B i l l  ob jec ted  t h a t  it w a s  unnecessary 
use  of energy, but  t h e  economist argued t h a t  i t  w a s  t h e  bes t  use of  peop le ' s  
time. "After a l l ,  B i l l "  he argued cogently "time is a resource too." 
I c a n ' t  pu t  my f i n g e r  on j u s t  when the  scheme broke down. B i l l  
w a s  s t e a d i l y  l o s i n g  con t ro l ,  People had suddenly found they had p o l i t i c a l  
muscle. Why cou ldn ' t  they have a share of  energy? B i l l  t r i e d  t o  show 
t h a t  though t h e  s o l a r  c o l l e c t o r  w a s  working, t he  next  s t a g e ,  a t t ach ing  
an engine t o  i t ,  so t h a t  i t  could start dr iv ing  the  genera tor  and save 
on keros ine ,  w a s  a b i g  s t e p ,  and w a s  going t o  need some qu i t e  massive 
metal working. "Wait1' he pleaded,  "t i l l  we have the  s o l a r  engine 
working. We've go t  t o  conserve our  resources  t ill  we're viable." 
"You and your resources" sna r l ed  a business  man, who had got ten  
t i r e d  of working day i n  day out i n  the  f i e l d s ,  "what about us? 'vie 
got  a r i g h t  t o  a decent s tandard of  l i v i n g ,  same as you guys working 
here on a l l  t h i s  c razy  machinery. Come on, w e ' l l  be rescued soon 
enough. We might as wel l  l i v e  as decently as we can t i l l  rescue 
comes." 
Surp r i s ing ly  i t  w a s  the  economist who backed him up. "Something 
always t u r n s  up" he argued. "Never known it  not  to." 
I guess I survived because I l e a r n t  t o  e a t  r a w  f i sh .  By the  
way, I ' v e  used the  a i r l i n e ' s  compensation money t o  buy a r e a l  good 
s o l a r  engine. Even f u e l s  the  e l e c t r i c  c a r  I use t o  g e t  t o  town." 
APPEM)IX 2 Energv Ana lvs i s  Example: Energy a n a l y s i s  of ammonia product ion 
Source: Vancini C.A., Svnthes i s  of Ammonia, McMillan, London, 1971, p. 281. 
This  process i s  an a i r h e t h a n e  process  f o r  a l a r g e  (300,000 t/yr) p l a n t ,  
with e f f i c i e n t  energy use.  Heat requirements a r e  met l a r g e l y  by t h e  exo- 
t h e m i c i t y  of t h e  r e a c t i o n .  The main i n t e r n a l  energy use  i s  f o r  e l e c t r i c -  
a l l y  d r iven  compressors f o r  gas  pumping t o  high pressure .  Other processes  
use gas d r iven  compressors. 
Key Inputs  f o r  1 t Ammonia a s  Solu t ion  Fue l  (GJIGER 
3 
Feed-stock n a t u r a l  gas 538 m 21.3 G J  22.16 
Fue l  n a t u r a l  gas  8 .1  G J  8.44 
Power 890-950 HP on 800 t /day  p l an t  20 kwh1 .28 
Water 250 m3 ( s e e  Table  4.3.1; ground water)  1 .o 
C a p i t a l  $ 110 x 106 (1976) m o r t i s e d  over  15 years  2.93 
Tot a 1  34.81, s ay  35 
GER Ammonia = 35 w / k g i  
1976, Uk, Braun process  
' t y p i c a l  US, UK e l e c t r i c i t y  GER, lower i n  most European c o u n t r i e s .  
APPENDIX 3 
ABBREVIATIONS 
ERE 
ETS 
GER 
IFLAS 
SESU 
WELMM 
- EnergyRequirementforEnergy 
usually expressed as M J  energy resource 
used per M J  fuel delivered 
- Energy Transformation System 
The system by which in-ground resources are 
turned into fuels 
- Gross Energy Requirement 
the energy resource ,  expressed in t e rms  
of enthalpy of coxrlbustion to deliver a 
- International Federation of Institutes of Advanced 
Study 
- Strathclyde University convention on net energy 
- I I A S A program an  energy resources 
entitled l a t e r ,  _Energy, - Land, Ea t e i r a l s  and 
Manpower. 
- 
